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CHAPTER  I 


INTRODUCTION 


Background 

The  United  States  Air  Force  exists  to  execute  the 
defense  policy  of  the  United  States,  To  be  effective  in 
this  mission,  the  Air  Force  must  maintain  a  state  of  read¬ 
iness  to  go  to  war  when  called  to  do  so.  The  readiness 
level  or  capability  to  wage  war  is  dependent  upon  the 
proper  levels  and  management  of  personnel,  equipment  (e,g,, 
aircraft,  starter  carts,  trucks,  computers,  etc,),  and 
supplies  (e,g, ,  food,  fuel,  spare  parts,  etc,).  It  is 
clear  that  if  the  Air  Force  is  to  wage  war  quickly  and 
effectively,  it  must  manage  its  peacetime  resources  wisely 
and  efficiently.  Traditional  peacetime  thinking  (and 
Congressional  funding)  led  Air  Force  executives  into  con¬ 
centrating  on  acquiring  the  needed  weapon  systems  and 
maintaining  personnel  levels  and  spare  parts  to  operate 
them  in  peacetime  only.  The  nation  could  always  mobilize 
for  war  if  necessary.  In  today's  nuclear  age,  however, 
with  lead  times  of  complex  weapon  systems  and  spare  parts 
so  long  (years),  and  the  devasting  and  rapid  destructive 
capability  of  potential  adversaries,  there  would  be  no 
time  for  mobilization  of  the  industrial  base.  The  "next 
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war"  will  most  probably  be  fought  quickly  with  existing 
personnel,  weapons,  and  supplies. 

The  Air  Force  could  have  all  the  necessary  personnel 
and  equipment  that  it  required  to  go  to  war,  but  if  it 
lacked  supplies  to  support  those  forces,  then  their  effec¬ 
tiveness  and  sustainability  would  be  severely  jeopardized. 
The  supply  area  can  be  broken  into  two  basic  groups:  con¬ 
sumables  and  reparables.  Munitions  are  a  third  group,  but 
can  be  thought  of  as  fitting  more  with  consumables.  The 
two  basic  groups  are  identifiable  by  the  way  they  are  used 
as  well  as  the  methods  used  for  their  management.  Consum¬ 
able  items  are  those  supplies  (parts)  that  are  used  up  or 
consumed  in  the  process  of  their  use.  When  consumable  spare 
parts  fail,  they  are  removed  and  disposed  of.  These  types 
of  items  are  managed  with  an  Economic  Order  Quantity  (EOQ) 
inventory  model.  The  Air  Force  attempts  to  achieve  target 
fill  rates  at  each  stockage  location  on  these  items. 
Reparable  or  recoverable  items  are  those  supplies  or  spare 
parts  that,  when  they  fail,  can  be  removed  from  the  weapon 
system,  repaired,  and  returned  to  serviceable  condition 
to  be  reused  on  the  same  or  a  like  weapon  system.  When 
compared  to  EOQ  items,  the  mean  usage,  or  demand  rate,  of 
reparable  items  is  low,  while  variability  of  demand  and 
cost  of  the  item  are  relatively  high.  There  are  many 
different  inventory  management  models  which  are  used  or 
being  developed  for  use  with  reparable  items. 
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The  Air  Force  is  extremely  interested  in  insuring 
that  it  obtains  the  ability  to  wage  war  with  stock  levels 
that  will  have  a  high'  probability  of  supporting  this  objec¬ 
tive  without  being  wasteful  of  dollar  resources.  It  there¬ 
fore  requires  and  uses  recoverable  inventory  models  that 
will  compute  stock  requirements  to  meet  certain  performance 
goals  of  the  mission.  The  Air  Force  Logistics  Command 
(AFLC)  currently  uses  the  MEJTRIC  inventory  model  in  its 
D041  (AFLC  Recoverable  Items  Requirements  Computation 
System)  and  D028  (AFLC  Central  Leveling  System)  to  minimize 
backorders  across  all  bases  and  the  depot  for  AFLC  managed 
reparable  stock  items  (20),  The  Wartime  Assessment  and 
Requirements  System  (WARS),  currently  under  development 
at  AFLC,  will  optimize  stock  level  requirements  by  weapon 
system  at  all  bases  and  the  depot  to  achieve  a  target  per¬ 
formance  level  at  each  base  (e.g,,  at  least  80  percent  of 
aircraft  available  at  all  times)  for  a  given  scenario  while 
minimizing  the  cost  of  stock  to  be  purchased,  'WARS  will 
also  maximize  performance  given  that  there  is  a  limited 
amount  of  funds  to  spend  (17:1-4)*  Models  such  as  Dyna- 
METRIC  (a  RAND  model)  (22:1-3)  and  vVARS  can  also  be  used 
to  predict  what  levels  of  performance  can  be  expected  for 
a  squadron  of  aircraft  given  a  likely  wartime  (or  peacetime) 
scenario  and  existing  stock  level  quantities.  Inventory 
models  then  become  very  important  tools  to  achieve  desired 
performance  while  minimizing  stockage  costs  (stock  compu- 
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tation  mode)  or  for  prediction  of  performance,  given  levels 
of  stock  already  on  hand  (performance  mode). 

This  research  deals  with  the  contemporary  recoverable 
item  inventory  management  models  and  their  use  in  the  Air 
Force  inventory  management.  More  specifically,  the  research 
examines  the  sensitivity  of  certain  model  outputs  to  changes 
in  a  specific  input  parameter.  The  input  parameter  is  the 
variance-to-mean  ratio  (V/M),  which  is  the  measure  of  dis¬ 
persion  (or  uncertainty)  of  demand  about  the  average  or 
mean  demand.  It  is  simply  the  ratio  of  the  variance  of 
an  item’s  demand  distribution  to  its  mean.  The  model  out¬ 
puts  are  dollars  of  stock  necessary  to  achieve  desired 
performance  goals  (the  probability  of  having  at  least  the 
desired  number  of  available  aircraft),  and  scenario  per¬ 
formance  (probability  of  having  at  least  the  desired  number 
of  aircraft  available),  given  a  certain  stockage  policy 
(i*e,,  quantities  and  mix  of  spare  parts). 

Recoverable  item  models  cover  the  spectrum  of  com¬ 
plexity  starting  with  the  early  conventional  pipeline  models 
all  the  way  through  the  WARS  model  currently  being  developed 
by  AFLC,  In  this  spectrum  of  models  used  or  being  studied 
for  use  by  the  Air  Force  are  the  Base  Stockage,  METRIC, 
MOD-METRIC,  LMI  Availability,  and  Dyna-METRIC  models.  These 
models  will  be  dealt  with  and  explained  in  some  detail  in 
the  literature  review  chapter  of  this  report.  They  are 
mentioned  here  to  point  out  that  all  these  models  assume 
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that  stock  usage  demand  distributions  are  stochastic,  that 
is,  they  have  a  mean  and  a  distribution  about  a  mean.  All 
these  models  require  a  variance-to-mean  ratio  to  express 
this  demand  variability. 

The  conventional  pipeline  model  as  used  in  the 
Standard  Base  Supply  System  (SESS)  utilizes  an  implied 
variance-to-mean  ratio  of  three. 

The  remaining  models  require  a  variance-to-mean 

parameter  as  an  input  to  the  model.  The  distributions  used 

are  generally  of  two  types:  Poisson  or  compound  Poisson. 

By  its  very  nature  the  variance  and  mean  of  a  simple  Poisson 

are  equal  and  so  the  variance-to-mean  ratio  equals  one. 

The  Poisson  distribution  is  a  logical  distribution  to  use 

for  demands  per  unit  of  time  (A)  since  the  inverse  of  A, 

1 

(^) ,  which  can  be  considered  the  mean  time  between  failures, 
generally  exhibits  properties  of  the  exponential  distribu¬ 
tion.  According  to  Sherbrooke  (24:8-9)*  it  is  also  realis¬ 
tic  to  assume  that  recoverable  item  demand  distribution 
will  exhibit  a  compound  (specifically  logarithmic)  Poisson 
process.  The  logarithmic  Poisson  is  obtained  by  considering 
batches  of  demand  where  the  number  of  batches  is  Poisson 
and  the  number  of  demands  per  batch  is  logarithmic.  The 
logarithmic  Poisson  is  almost  identical  to  the  negative 
binomial  for  variance-to-mean  ratios  of  one  to  three.  Since 
the  negative  binomial  is  convenient  to  compute  it  is  used 
in  most  model  adgorithms. 
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Problem  Statement 


There  is  much  concern  over  how  the  variance- to-mean 
ratio  is  determined  and  what  value  should  be  used  for  any 
given  item  of  stock  (27).  More  basically,  however,  there 
is  a  need  to  understand  just  how  sensitive  the  outputs  of 
the  recoverable  item  models  are  to  the  variance-to-mean 
ratio.  The  outputs  of  basic  concern  are:  1)  dollars  of 
stock  necessary  to  support  a  given  level  of  performance 
(e,g, ,  80  percent  confidence  level  that  there  will  be  no 
more  than  10  percent  of  the  aircraft  Not  Mission  Capable 
Supply  ),  and  2)  performance  levels  (e.g.,  confidence 

level  of  achieving  no  more  than  10  percent  NHCS  rate)  given 
a  certain  level  of  input  stock. 

Research  Objectives 

The  objective  of  this  research  is  to  give  the  Air 
Force  logisticians  some  insight  into  just  how  their  deci¬ 
sions  in  establishing  the  variance-to-mean  ratio  for  each 
recoverable  item  affect  the  cost  and  performance  outputs 
of  the  contemporary  analytical  recoverable  item  models  they 
are  working  with.  The  criticality  of  their  decisions  in 
this  regard  depends  upon  the  sensitivity  of  outputs  to  the 
variance-to-mean  ratio. 

Research  Questions 

(1)  When  computing  stock  levels  to  achieve  given 


6 


performance  parameters,  using  contemporary  recoverable 
item  models,  is  the  model  output  of  required  dollars  of 
stock  sensitive  to  changes  in  the  variance-to-mean  ratio, 
all  other  things  remaining  the  same? 

(2)  When  computing  the  performance  (e.g. ,  probability 
of  achieving  a  desired  NMCS  level)  of  a  group  of  aircraft, 
given  a  likely  scenario  and  a  fixed  quantity  and  mix  of 
spare  parts,  is  the  model  output  of  mission  performance 
sensitive  to  changes  in  the  variance-to-mean  ratio? 

Scope 

A  state-of-the-art  recoverable  item  inventory  model 
and  a  validated  data  base  formed  the  foundation  of  this 
research.  Dyna-METRIC,  a  RAND  Corporation  creation,  was 
the  analytical  inventory  model  selected.  It  was  chosen 
because  of  its  versatility.  The  model  will  handle  multi- 
indentured  spare  parts  (line-replaceable  units  jjLRuj/shop 
replaceable  units  jsRuJ  )  in  a  multi-echelon  stockage  and 
repair  mode.  The  echelons  which  can  be  modeled  are  bases, 
centralized  intermediate  repair  facilities  (CIRF),  and 
depots.  Dyna-METRIC  will  function  in  both  the  stock  and 
performance  computation  modes.  However,  because  the  model 
will  work  in  the  stock  computation  mode  only  if  a  full  SRU 
cannibalization  assumption  is  made,  the  scope  of  the 
research  is  confined  to  model  usage  in  the  full  cannibal¬ 
ization  mode.  Cannibalization  is  the  act  of  removing  a 


7 


spare  part  from  one  unit  to  insert  into  another  unit  to 
make  the  latter  operable.  Dyna-METRIC  also  allows  the 
researcher  to  change  flying  hour  pix)grams,  sortie  rates, 
and  aircraft  levels  at  each  base  modeled,  both  in  peace  and 
wartime  rcenarios,  making  it  a  very  powerful  tool  in  model¬ 
ing  realism  into  scenarios. 

The  data  base  is  a  fully  validated  F-16  data  base 
provided  by  Ogden  Air  Logistics  Center  (OOALC),  Spare 
parts  demand  data  and  the  other  scenario  specifications 
contained  are  based  on  either  actual  experience  or  forecasts 
based  on  actual  experience  (11),  It  is  a  relatively  static 
peacetime  scenario  with  minimal  changes  in  flying  program 
parameters.  Repair,  delay,  and  transportation  times  are 
unchanged  for  each  individual  spare  part  over  the  entire 
scenario.  All  parameters  except  the  variance- to-mean  ratio 
(in  stockage  and  performauice  computations)  and  the  stock 
levels  (in  performance  computations)  will  remain  as  supplied 
by  OOALC, 

Interpretation  of  results  will  be  generalizable  to 
the  F-16  weapon  system.  However,  results  will  have  impli¬ 
cations  for  managers  of  spare  parts  for  any  weapon  system. 
This  research  should  provide  the  Air  Force  with  an  indica¬ 
tion  of  whether  or  not  it  should  be  concerned  with  how  it 
establishes  and  uses  variance-to-mean  ratios.  This  will 
depend  on  the  sensitivity  of  model  outputs  (e,g. ,  stockage 
costs  and  aircraft  availability)  to  changes  in  the  variance- 
to-me^ul  ratio. 
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CHAPTER  II 


LITERATURE  REVIEW 


Introduction 

This  chapter  will  deal  in  detail  with  the  various 
models  that  have  been  designed  to  make  the  Air  Force  inven¬ 
tory  system  more  effective  and,  at  the  same  time,  more 
efficient.  As  discussed  previously,  the  inventory  system 
is  made  up  of  two  classes  of  items:  consumables  and  repa¬ 
rables.  Presently  no  inventory  model  exists  which  handles 
both  consumables  and  reparable  items  jointly.  The  con¬ 
sumable  items  are  managed  under  the  BOQ  policy  and  will 
not  be  discussed  here.  This  study  will  concern  itself  with 
reparable  or  recoverable  items  since  it  is  an  area  with 
many  unanswered  questions  and  because  recoverables  repre¬ 
sent  a  large  portion  of  the  Air  Force  inventory  budget. 

In  1982  the  investment  in  spare  parts  will  be  approaching 
$2.5  billion,  approximately  95  percent  of  which  will  be 
recoverable  items  (4’* 4)* 

This  chapter  will  begin  with  a  discussion  of  current 
theory  and  then  discuss  performance  measures  used  to  eval¬ 
uate  a  supply  system.  Following  the  performance  measures 
will  be  a  discussion  of  the  various  models  developed  to 
aid  in  management  of  the  supply  inventory  and  lastly,  a 

discussion  of  previous  variance-to-mean  ratio  studies  and 
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current  Air  Force  variance- to-mean  ratio  estimates 


Inventory  Theory 

(S-1.S)  Inventory  Policy^  The  Air  Force  uses  a 
(S-1,S)  policy  to  reorder  recoverable  parts.  Any  inven¬ 
tory  system  is  designed  to  answer  two  questions:  when  to 
reorder  and  how  much  to  reorder.  The  (S-1,S)  policy  has 
been  found  to  be  the  most  cost  effective  (8:1).  The  deci¬ 
sion  for  the  recoverable  system  is  at  what  level  to  set  S, 
the  spare  stock,  for  protection  against  stockouts.  Any 
time  the  base  stockage  level  drops  below  S  an  order  is 
placed  at  the  next  higher  echelon  to  bring  the  total  of 
stock  on-hand,  plus  on-order,  minus  backorders,  equal  to 
S  (7:1). 

The  supply  process  for  reparable  items  is  compli¬ 
cated,  with  many  participants.  Figure  1  represents  a 
typical  supply  system  for  recoverable  items,  Essentiadly 
what  happens  is  that  when  an  item  fails,  the  base  determines 
whether  or  not  it  can  fix  the  item.  If  the  item  can  be 
repaired  at  base  level  it  traverses  through  the  base  repad.r 
cycle  and  is  returned  to  serviceable  stock.  If  the  item 
is  not  reparable  at  base  level,  it  is  forwarded  to  the 
next  echelon  of  repair,  while  concurrently  a  requisition 
is  placed  on  the  next  echelon  to  bring  the  base  stock 
level  back  to  the  S  level. 


Retail  \  [Transportation 


Palm's  Theorem  (Steady-State).  Feeney  and  Sher¬ 
brooke  (7:2-4)  were  able  to  take  a  queueing  model  devel¬ 
oped  by  C,  S,  Palm  and  apply  it  to  the  Air  Force  inventory 
system.  They  demonstrated  that  when  demand  is  Poisson, 
"the  number  of  units  in  resupply  in  the  steady-state,  x, 
is  also  Poisson  for  any  distribution  of  resupply."  The 
Poisson  state  probability  depends  not  on  the  resupply 
distribution  but  only  on  the  mean  of  the  resupply  distri¬ 
bution  for  any  member  of  the  Poisson  family.  A  theorem 
developed  by  Feeney  and  Sherbrooke  (7:3)  states  that  when 
demands  are  Poisson  with  a  mean  rate  of  A.  and  the  resupply 
time  is  an  arbitrary  probability  distribution  with  meanT, 
the  probabilities  of  x  units  in  resupply  are  given  by  the 
Poisson  distribution  with  parameter \T,  i.e., 


p(xlAT)  =  (1) 

Assumption  of  Models.  In  order  to  be  able  to  predict 
the  behavior  of  any  item  the  following  assumptions  were 
made  by  Brooks,  Gillen,  and  Lu  (1:6-7): 

(1)  7/henever  an  operable  asset  is  required,  the 
customer  must  turn  in  the  old  carcass  to  base  supply.  The 
customer  will  then  receive  either  an  asset  from  base 
supply's  on-hand  stock  or  a  due  out  from  base  supply. 

The  customer  will  eventually  get  an  asset  for  this  due  out 
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that  is  either  a  repaired  item  that  went  through  the  base 
repair  system  or  an  item  sent  from  the  depot.  In  all  cases 
a  one-for-one  exchange  is  made  with  the  next  higher  echelon 
of  supply.  The  lower  echelon  returns  the  defective  part 
and  receives  either  an  operable  asset  or  the  promise  of 
an  operable  asset. 

(2)  If  a  replacement  item  is  not  available  immedi¬ 
ately  from  base  supply,  the  item  is  backordered  and  the 
customer  receives  a  due  out  from  base  supply. 

(3)  The  number  of  demands  during  a  time  interval 
is  a  Poisson  random  variable,  statistically  independent  of 
the  number  of  demands  that  occur  in  any  other  non-over¬ 
lapping  period, 

(4)  The  demand  is  stationary  over  an  interval  of 
time.  The  probability  distribution  of  the  random  Poisson 
variable  depends  only  on  the  length  of  the  time  interval. 
Identical  time  periods  have  identical  probability  distri¬ 
butions,  There  is  no  trend  or  cycling  of  demand, 

(5)  It  is  assumed  that  the  length  of  time  required 
to  repair  an  item  is  independent  of  the  number  of  demands. 

Inventory  System  Performance  Measures 

Fill  Rate,  The  fill  rate  is  one  performance  measure 
used  by  the  Air  Force  to  evaluate  the  supply  system.  The 
fill  rate  is  determined  by  taking  the  ratio  of  the  number 
of  items  issued  over  the  total  number  of  demands  placed  on 
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base  supply  for  a  certain,  fixed  time  period  (1:E).  Using 
Palm*  s  theorem  it  is  possible  to  predict  the  fill  rate  for 
a  given  stock  level.  According  to  Brooks,  Gillen,  and  Lu 
(1:10),  the  fill  rate  for  item  i  is  the  proportion  of  de¬ 
mands  "that  can  be  filled  from  on-hand  assets  and  is  equal 
to  the  proportion  of  time  that  on-hand  assets  are  positive," 
Mathematically,  the  fill  rate  is  given  by: 


(2) 


where  FR^  =  fill  rate  for  item  i, 

=  stock  level  for  item  i,  and 
d  =  number  of  items  in  resupply. 

Ready  Rate.  The  ready  rate  is  the  probability  that 
an  item  has  no  backorders  when  observed  in  a  random  point 
in  time.  It  is  the  inclusive  probabilities  of  the  number 
of  items  in  resupply  (d)  being  no  greater  than  S,  the  stock 
level  and  is  given  by: 


^i 


=^p(dUj^T^) 


(3) 


where  RR^  is  the  ready  rate  for  item  i  (8:4-5) 


Expected  Backorders.  A  tackorder  occurs  whenever 


the  number  of  assets  in  resupply  (d)  for  an  item  exceeds 
the  quantity  of  available  spare  assets  (S).  Brooks,  Gillen, 
and  Lu  (1:11-12)  define  the  expected  backorder  performance 
measure  for  item  i,  E(B^),  as: 

CO 

E(B.  )  -S)p(d|A..T.).  (4) 

d=S^+1 

Non-Mission  Capable  Supply  (NMCS)«  Another  per¬ 
formance  measure  used  is  NMCS*  NMCS  is  a  measure  of  the 
number  of  aircraft  that  are  not  mission  capable  or  not 
operational  because  of  a  lack  of  spares.  The  NMCS  measure 
can  be  predicted  under  two  different  assumptions:  full 
cannibalization  (full  cann)  or  no  cannibalization  (no  cann). 
Cannibalization  is  the  act  of  replacing  a  defective  part 
with  an  operable  part  taken  from  another  aircraft.  Both 
the  full  cann  and  the  no  cann  assumptions  are  extreme,  the 
true  cannibalization  rate  probably  lies  between  the  two 
extremes.  In  reality,  a  unit  will  probably  cannibalize  from 
one  airplane  to  another  but  the  unit  will  not  cannibalize 
all  the  broken  items  into  the  fewest  number  of  aircraft. 

Full  cannibalization  is  not  possible  because  some  items 
suffer  a  high  damage  rate  when  cannibalized  emd/or  the 
mai;power  requirements  for  full  cann  are  prohibitive. 
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a.  No  Cann  Nt-1CS.  A  model  developed  by  the 
Logistic  Management  Institute  (3:44-45)  gives  a  measure  of 
aircraft  availability.  The  complement  of  availability  is 
the  NMCS  rate.  The  probability  of  any  aircraft  being 
available,  at  a  random  point  in  time,  can  be  expressed  as: 


p( available)  = 


irr, 

UP-  T'TTJfA-J 

i=  1 


(5) 


where  E(Bj^)  =  expected  backorders  for  item  i, 
n  =  total  number  of  items, 

F  =  total  number  of  airplanes,  and 
QPA^  =  quantity  per  aircraft  for  item  i. 

The  number  of  available  aircraft  (AA)  is  given  by: 

AA  =  p ( available )*F,  (6) 

The  expected  number  of  aircraft  NMCS,  E(NMCS),  or  not  avail¬ 
able  t  is  given  then ,  by : 

E(NMCS)  =  F-AA.  (7) 

b.  Full  Cann  NMCS.  The  operational  rate  (OR) 
is  the  probability  that,  at  any  point  in  time,  there  will 
be  no  backorders.  Then,  OR  is  the  probability  that  no  air- 
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craft  lacks  an  essential  part,  i.e,,  there  will  be  no 
NMCS  aircraft*  The  operational  rate  can  be  expressed  as 
the  product  of  the  ready  rates: 


where  n  =  number  of  items, 

d  =  number  of  items  in  resupply,  and 
S  =  stock  level  (1:4)12)* 

The  previously  discussed  operational  rate  assumes  zero  or 
no  cannibalization.  It  is  possible  to  express  the  oper¬ 
ational  rate  as  a  function  of  the  number  of  airplanes  used 
as  source  of  supply  (K),  For  example,  an  operational  rate 
with  K  =  3  is  the  same  as  saying  that  the  parts  of  three 
airplanes  can  be  considered  as  belonging  to  the  spare  parts 
inventory*  Mathematically,  the  operational  rate  with 
cannibalization  can  be  expressed  as: 


Sj_+(QPA^*K) 


OR  (with  cann)  = 


=n  X 


i=1  d=0 


where  K  =  number  of  aircraft  cannibalized  (1:4)13). 

In  order  to  determine  the  number  of  NMCS  aircraft, 
it  is  assumed  that  in  full  cannibalization  broken  parts  are 
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consolidated  onto  as  few  aircraft  as  possible.  The  prob¬ 
ability  of  K  or  less  N>iCS  aircraft  is  the  same  as  equation 
(9),  the  operational  rate  with  K  aircraft  available  for 
cannibalization  (1:13-14)*  Thus: 


p(K  or  fewer  NMCS  aircraft) 


i=l  d=0 


(10) 


The  probability  of  NMCS  is  then  used  to  determine 
the  expected  number  of  Nl^CS  aircraft  in  the  following 
equation: 

(11) 

The  Expected  NMCS  equation  can  be  generalized  into: 

F 

E(NMCS)  =2kp(K)  (12) 

where  p(K)  is  the  exact  probability  that  K  aircraft  are  not 
available,  P(K)  is  the  operational  rate  with  K  cannibal- 
izations  minus  the  operational  rate  with  K-1  cannibaliza- 
tions,  F  is  the  total  number  of  aircraft  (1:14-15)* 
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Palm’s  Theorem  (Nonsteadv^State ) 

Palm's  theorem  is  used  widely  to  describe  the  arrival 
process.  The  main  reason  for  its  widespread  use  is  because 
the  Poisson  distribution,  used  in  Palm's  theorem,  is  a 
close  approximation  to  the  real  world  arrival  processes 
(2:1). 

Although  the  real  world  arrival  process  might  approx¬ 
imate  a  Poisson  distribution,  it  is  rare  to  find  the  arrival 
process  to  remain  in  steady-state  (2:1),  Muckstadt  (18:5-7) 
found  that  a  steady-state  assumption  used  in  a  wartime 
dynamic  environment  would  lead  to  inadequate  supply  support 
when  it  was  needed  most. 

In  1976,  RAND  developed  a  technique  that  allowed 
the  classical  form  of  Palm's  theorem  to  be  generalized 
to  a  dynamic  or  nonsteady-state  arrival  process  (2:2), 

The  number  of  items  in  steady-state  resupply  i\T)  is  given 
by: 

Ar^  d  •  7-  (13) 

where  ?  =  average  demand,  and 

T  =  average  resupply  time  for  the  steady-state  model 
of  Palm's  theorem  (15:7). 

The  number  of  items  in  resupply,  at  time  t,  for  the 
nonsteady-state  Palm's  theorem  is  given  by: 
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('4) 


t 

XT(t)  =J'd(s)F(t,s)ds 
.  0 

where  X’^(t)  =  items  in  resupply  at  time  t, 
d(s)  =  daily  failure  rate  at  time  s, 

F(t,s)  =  probability  that  a  component  that  arrived  at 
time  s,  is  not  out  of  repair  by  time  t,  and 
ds  =  interval  of  time  centered  at  s  (13:11-12). 
Once  the  value  for  Axis  determined,  the  probability 
of  the  number  of  units  in  resupply  at  time  t,  is  given  by 
Palm's  theorem  (13:12): 


.  „  -Ar(t) 

p(dAir(t))  =  -  (15) 

The  difference  between  the  steady-state  emd  the 
dynamic  models  is  their  sensitivity  to  the  distribution  of 
the  repair  time.  Whereas  both  models  need  to  know  the 
mean  of  the  repair  time,  only  the  dynamic  model  needs  to 
know  the  distribution  of  repair  time.  If  the  distribution 
is  not  known  and  is  approximated  by  a  degenerate  repair 
time  distribution  (i.e.,  repair  time  is  constant),  the  model 
gives  conservative  results  (2:16,27).  The  use  of  a  steady- 
state  model  in  a  dynamic  environment  will  not  capture  the 
dynamic  demands  and  will  misallocate  resources.  But  a 
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nonsteady-state  model  with  an  assumed  constant  repair  time 
will  result  in  more  items  in  repair  during  any  surge  in 
demand,  but  fewer  in  repair  following  the  surge  than  if  a 
distribution  around  the  mean  (e.g,,  exponential)  is  known 
(2:14). 

Models 

Conventional  Air  Force  Base  Level  Stockage  Model. 
This  model,  like  all  others,  computes  S,  a  pipeline  quan¬ 
tity*  A  rule  of  pipelines  is  that  if  S  is  not  large  enough 
to  fill  the  pipeline,  then  the  pipeline  will  fill  itself 
by  taking  parts  from  the  aircraft.  The  pipeline  must  be 
full  (13:3). 

Presently,  this  is  the  model  used  by  most  bases  in 
the  Air  Force  to  determine  their  requirements,  although  it 
is  being  phased  out  and  replaced  with  a  version  of  METRIC, 
The  weaknesses  of  this  model  are  that  it  treats  each  item 
independently  of  all  other  items,  does  not  take  cost  into 
account,  nor  does  it  give  any  indication  of  weapon  system 
performauice,  S,  the  quantity  demanded  for  the  pipeline 
is  given  by; 

S  =  DDR  X  (PER  .RCT)+((1-PBR).CST)  (16) 

where  DDR  is  the  average  number  demanded  per  day  for  that 
item.  PER  is  the  percentage  of  base  repair  for  that  item. 
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PBR  will  be  a  percent  between  0  and  100  and  represent  the 
percentage  that  were  repaired  on  base,  1-PBR  is  the  comple¬ 
ment  of  PBR,  the  percent  that  were  sent  off-base  to  be  re¬ 
paired,  The  1-PBR  rate  is  also  called  the  Not  Reparable 
This  Station  (NRTS)  rate,  RCT  is  the  average  repair  cycle 
time  for  that  item.  Currently,  the  Air  Force  uses  either 
a  five  period  moving  average  or  a  standard  value  of  five 
days  for  RCT,  whichever  is  smaller,  OST  is  the  order  and 
ship  time,  the  time  required  to  receive  the  item  from  a 
higher  echelon  of  supply.  The  OST  value  is  currently  set 
at  a  historical  average  value  for  each  base  and  is  usually 
on  the  order  of  20  days  (29). 

Because  the  Conventional  model  algorithm  assumes 
that  the  daily  demand  rate  is  constant,  it  does  not  provide 
for  demand  variability.  To  compensate  for  this  problem 
the  Conventional  model  adds  to  S  a  safety  level  of  JJs, 

The  model  assumes  a  normal  distribution  for  the  quantity 
in  resupply  and  sets  equal  to  one  standard  deviation, 
j.  By  assuming  a  normal  distribution  and  (7=  JJs,  the  model 
attempts  to  achieve  an  84  percent  fill  rate.  That  is,  84 
percent  of  the  demands  will  be  filled  from  on-hand  service¬ 
able  stock.  By  assuming  (7  =  J 5S ,  the  model  assumes  a  vari- 
ance-to-mean  ^  equal  to  3  for  all  items  (29), 


Base.  Stockage  Model,  As  compared  to  the  Conventional 
model,  which  looks  at  each  item  separately,  the  RAND  Cor- 
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poration  developed,  in  the  mid-sixties,  a  method  of  looking 
at  all  items  at  an  individual  stockage  location  (e.g, ,  a 
baseX.  The  Base  Stockage  Model  was  a  first  attempt  to  look 
at  all  the  items  in  base  supply  and  make  trade-offs  among 
the  items  to  maximize  a  system  objective  subject  to  a  cost 
constraint  (8:10-11), 

The  system  objective  of  the  Base  Stockage  model  is 
to  minimize  the  number  of  backorders  E(B)  subject  to  a 
dollar  constraint,  A  backorder  occurs  whenever  the  number 
in  resupply  exceeds  the  stock  level  (S)  of  that  item.  The 
expected  number  of  backorders  is  given  by  equation  (4), 

A  decrease  in  backorders  is  produced  by  increasing  the 
inventory  levels  from  S  to  S+1,  The  amount  of  backorder 
reduction,  as  formulated  by  Faucett  and  Gilbert  (6:25-26), 
is  given  by: 


CO 

E(Bs)-E(Bg,,)  =yp(  xIAt),  (17) 

XsS+l 

The  model  performs  a  marginal  analysis  for  all  the 
items  at  that  base  and  determines  what  mix  of  stock  will 
give  the  lowest  backorder  level  with  a  given  quantity  of 
money.  It  assumes  a  zero  stock  level  for  every  item  at  the 
base  and  then  asks  what  item  would  give  the  most  fill  pro¬ 
tection  per  dollar  of  stock  (9:14-15), 


The  data  that  was  used  by  Feeney  and  Sherbrooke  was 
found  to  have  a  large  variability  in  demand  (9:19)«  To 
account  for  this  variability  they  devised  a  parameter  they 
call  a  variance-to-mean  ratio*  This  term  (8:8)  is  "esti¬ 
mated  from  two  or  more  periods  of  cross  sectional  data*" 

The  value  for  variance-to-mean  ratio  is  inserted  into  the 
algorithm  to  achieve  the  correct  probability  distribution 
associated  with  that  variance-to-mean  (8:8). 

The  variance-to-mean  ratio  is  a  function  of  the 
Poisson  distribution*  A  simple  Poisson  has  a  variance-to- 
mean  ratio  of  one*  A  simple  Poisson  can  be  visualized  as 
a  single  customer  arrival  in  each  time  interval*  That 
customer  places  only  one  demand  and  the  time  distribution 
is  exponential.  A  compound  Poisson  will  have  a  variance- 
to-mean  ratio  greater  than  one*  The  compound  Poisson  can 
be  visualized  exactly  like  the  simple  Poisson  except  that 
a  customer  can  place  multiple  demands  on  the  system  accord¬ 
ing  to  an  independent  discrete  distribution.  The  compound 
Poisson  distributions  are  the  most  general  of  the  memory¬ 
less  distributions.  In  other  words,  the  number  of  demands 
that  occur  in  one  time  period  does  not  influence  the  prob¬ 
abilities  in  any  other  time  period*  The  compound  Poisson 
seems  to  be  a  better  description  of  demands  for  the  Air 
Force  recoverable  spares  than  does  the  simple  Poisson* 
Customers  do  occasionally  place  more  than  one  demand  at 
any  one  time.  Some  possible  reasons  for  multiple  demands 


are;  1)  sympathetic  replacement  or  undetected  malfunction, 
2)  initial  wearout,  and  3)  damage  during  installation  (7: 
4*6-)  • 

The  Base  Stockage  model  faces  the  same  dilemma  that 
the  Conventional  model  faces,  how  to  deal  with  demand 
variability.  Whereas  the  Conventional  model  made  an  arbi¬ 
trary  decision,  the  Base  Stockage  model  has  incorporated 
the  variance-to-mean  ratio  into  its  algorithm. 

In  summary,  the  Base  Stockage  model,  by  incorporating 
the  systems  approach  to  inventory  control,  allows  the  supply 
manager  to  select  an  alternative  that  is  the  most  cost 
effective  for  that  investment  level.  He  or  she  will  imme¬ 
diately  know  the  performance  level  of  the  system.  Because 
this  model  optimizes,  a  supply  manager  could  attain,  theo¬ 
retically,  the  same  performance  level  with  one-half  the 
investment  (8:23) • 

METRIC.  Although  the  Base  Stockage  model  was  an 
improvement  over  previous  methods  of  maniging  a  base  inven¬ 
tory,  it  was  never  implemented  in  the  Air  Force.  The  Base 
Stockage  model  ignored  the  depot  or  any  other  base  in  its 
computations.  It  optimized  only  at  one  base  at  one  time. 
After  testing,  but  before  implementation,  Sherbrooke  was 
able  to  expand  the  Base  Stockage  model  to  include  higher 
levels  of  supply.  This  new  model  is  referred  to  as  Multi - 
Echelon  Technique  for  Recoverable  Item  Control  (METRIC), 


METRIC  uses  essentially  the  same  logic  as  the  Base  Stockage 
model  but  expands  it  to  include  the  complex  base-depot 
relationship.  By  optimizing  over  the  entire  supply  system, 
the  METRIC  model  avoided  many  of  the  pitfalls  of  the  Base 
Stockage  model  in  a  more  cost  effective  manner.  The  model 
is  able  to  both  compute  requirements  and  to  redistribute 
stock  more  appropriately  (25:122).  The  objective  of  METRIC 
is  again  to  minimize  expected  backorders  over  the  specified 
items  subject  to  the  investment  constraint.  Depot  back¬ 
orders  are  a  factor  only  as  they  affect  base  backorders 
(19:473). 

The  Air  Force  is  in  the  process  of  implementing 
METRIC  more  fully  into  its  inventory  management  system. 
Presently  the  DO4IA  uses  METRIC  to  compute  requirements. 

The  Conventional  model  is  being  phased  out  at  the  base 
level  to  be  replaced  with  METRIC  logic,  and  the  D028A  is 
also  partially  converted  to  METRIC  logic  (20),  The  benefits 
of  METRIC  are;  1)  its  ability  to  compute  stock  levels 
across  all  items,  and  to  distribute  those  items  in  a  manner 
that  optimizes  system  performance  within  budgetary  con¬ 
straints,  2)  because  METRIC  is  so  similar  mathematically 
to  the  Base  Stockage  model  all  the  experience  gained  from 
the  Base  Stockage  model  is  directly  relevant  to  METRIC, 

3)  the  model  uses  past  data  in  combination  with  future  re¬ 
quirements  to  accomodate  buildups  or  phase  outs,  4)  by  using 
a  “general  demand  prediction  procedure”,  METRIC  allows  a 
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smooth  transition  from  initial  support  to  follow-on  provi¬ 
sioning,  5)  the  model  allows  resupply  or  repair  parameters 
to  be  varied  for  sensitivity  analysis  of  system  performance, 
and  6)  the  model  allows  management  to  pursue  different 
support  policies  for  different  weapon  systems  (25:124). 

As  was  the  case  with  the  Base  Stockage  model,  Sher¬ 
brooke  assumes  that  demand  for  aircraft  spares  follows 
more  closely  a  compound  Poisson.  This  time  the  compound 
Poisson  is  the  logarithmic  Poisson.  The  logarithmic  Poisson 
retains  the  tractable  properties  of  the  Poisson  process, 
but  allows  greater  flexibility  because  of  the  additional 
parameters.  The  logarithmic  Poisson  can  be  visualized  as 
a  process  where  a  batch  of  demands  arrives  according  to  a 
Poisson  distribution  and  the  number  of  demands  per  batch 
follows  a  logarithmic  distribution.  Sherbrooke  found  the 
state  probabilities  (probabilities  of  n  demands  during  time 
t),  for  the  logarithmic  Poisson  to  be  negative  binomial. 

The  negative  binomial  is  a  particularly  easy  distribution 
to  work.  For  variance- to-mean  ratios  greater  than  one 
and  less  than  three,  the  state  probabilities  for  the  two 
distributions  are  essentially  identical.  For  example  the 
probability  of  x  demands  in  the  specified  time  period  is 
given  by  the  following  negative  binomial  distribution: 
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where \  =  k(ln  q) , 

A=  mean  demands  per  time  period,  and 
q  =  variance-to-mean  ratio  (24:8-9)* 

An  AFIT  study  done  recently  on  the  failure  of  In¬ 
ertial  Measurement  Units  found  the  negative  binomial 
distribution  to  best  describe  the  failure  process  (16:35- 
36).  As  was  the  case  with  the  Base  Stockage  model,  mean 
demand  is  assumed  to  be  stationary  for  the  computation 
period  of  concern  (25^129). 

In  summary,  METRIC  is  an  extension  of  the  mathemat¬ 
ical  model  developed  for  the  base  stockage  inventory  system. 
It  is  an  improvement  over  the  Base  Stockage  model  because 
it  describes  both  the  bases  and  the  depot  and  makes  trade¬ 
offs  across  items  and  across  locations  to  minimize  back¬ 
orders  across  the  whole  system. 

MOD-METRIC.  An  extension  of  METRIC  was  advanced  by 
Muckstadt.  He  noticed  that  METRIC  tended  to  concentrate 
more  heavily  on  inexpensive  sub-components  because  it  was 
able  to  decrease  the  backorder  level  more  by  buying  these 
items.  MOD-METRIC  overcomes  this  problem  by  establishing 
an  indenture  relationship  between  components  and  sub-com¬ 
ponents.  The  component  is  called  a  line  replaceable  unit 
(LRU),  and  is  the  end  item  that  failed.  An  LRU  is  removed 
at  the  flight  line  and  taken  back  to  the  shop  where  it  is 
repaired  by  removing  the  defective  sub-component  and  re- 
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placing  it  with  a  new  one.  The  sub-component  is  called  a 
shop  replaceable  unit  (SRU),  MOD-METRIC  assumes  that  LRUs 
will  ground  aircraft,  while  an  SRU  backorder  merely  delays 
an  LRU  from  being  repaired.  The  algorithm  is  designed  to 
minimize  backorders  on  LRUs  soley  subject  to  an  investment 
constraint  (20:472-475) • 

The  difference  between  METRIC  and  MOD-METRIC  models 
is  the  manner  in  which  the  average  resupply  time  (T^)  is 
computed,  METRIC  expresses  Tj_  as: 

Ti  =  r^Bj_+(l-r^)(A^+6(S^)D)  (19) 

while  MOD-METRIC  expresses  as: 

T±=  (20) 

where  r^  =  the  probability  that  a  failure  isolated  to  an 
SRU  will  be  repaired  at  base, 

=  average  base  repair  time, 

=  average  order  and  ship  time, 

6(Sq)D  =  expected  backorders/expected  daily  demand  at 
the  depot, 

R^  =  average  repair  time  at  base  if  SRU^  is  present, 
and, 

=  average  delay  in  base  repair  due  to  the  unavail- 
'  ability  of  a  needed  SRU, 
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MOD-METRIC  is  concerned  solely  with  the  minimization 
of  LRU  backorders  subject  to  a  dollar  constraint.  By 
dividing  the  average  repair  time  (B^)  into  repair  time  with 
the  SRU  (Rj^)  and  the  average  delay  in  repair  caused  by  an 
unavailable  SRU  (A^),  MOD-METRIC  minimizes  the  LRU  back¬ 
orders  and  provides  an  optimal  stock  level  for  both  the 
LRU  and  the  SRU  (20:476). 

LMI  Availability  Models  Although  previous  inventory 
models  have  provided  a  measure  of  the  supply  system  perfor¬ 
mance,  there  was  the  desire  by  many  (e.g.,  Congress  and 
the  DOD)  to  have  a  model  that  expressed  the  military 
capability  of  the  weapons  system  (22:1).  The  LMI  Avail¬ 
ability  model,  a  no  cannibalization  model,  was  developed 
to  maximize  aircraft  availability  by  the  algorithm  given 
in  equation  (5)« 

The  LMI  Availability  model,  a  further  extension  of 
METRIC  (5*.8)f  "is  simply  inserted  into  the  METRIC  program.” 
V/hile  the  METRIC  system  minimizes  expected  backorders,  the 
LMI  Availability  model  minimizes  the  expected  number  of 
Nt^CS  aircraft  and  consequently  maximizes  availability 
(3:54)»  METRIC  has  as  an  objective  function  the  minimi¬ 
zation  of  a  sum  of  its  terms  while  the  LMI  Availability 
model  minimizes  the  product  of  its  terms.  "This  is  quite  a 
difference  in  objectives  ^3:58_7." 
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Dvna»METRIC«  Although  models  exist  that  predict 
the  amount  of  backorders  we  can  expect  or  the  amount  of 
aircraft  we  can  expect  to  have  available,  concern  was 
expressed  that  all  those  models  might  not  be  able  to  answer 
the  paramount  question;  How  well  does  that  weapon  system 
perform  in  combat?  All  the  previous  models  assumed  that 
the  weapon  system  was  working  in  a  constant  environment* 
These  models  assume  that  all  input  variables  will  remain 
in  a  "steady-state"  condition.  There  was  no  way  of  predict 
ing  in  a  combat  environment  that  contained  much  turbulence 
whether  logistics  could  still  support  the  weapon  system* 

The  steady-state  models  contain  no  method  for  determining, 
for  example,  the  effect  a  disruption  in  the  transportation 
line  would  have  on  weapon  support,  nor  what  would  be  the 
effect  of  limited  maintenance  capability*  These  models 
had  no  ability  to  adjust  to  the  complex,  dynamic  situations 
in  which  modern  weapons  systems  could  become  involved  (10: 
12-13). 

During  peacetime,  any  shortfall  can  be  corrected 
over  time,  with  no  loss  of  life  or  territory.  But  in  war¬ 
time,  a  mistake  is  not  as  easily  forgiven*  America  enjoyed 
the  luxury,  in  World  War  II,  of  having  the  time  to  respond 
to  the  threat*  Future  wars  that  America  might  become  in¬ 
volved  in  are  perceived  to  be  of  short  duration  of  an 
extremely  high  intensity*  America  will  not  have  the  time 
to  respond  as  in  World  War  II*  If  the  logistics  support 


required  in  such  a  war  could  be  resupplied  instantaneously  j 
there  would  be  no  problem*  But  today's  logistics  manager 
will  need  time  to  build  the  logistics  capability*  He  or 
she  must  insure  that  either  there  will  be  no  disruption  in 
logistics  support  or  the  combat  unit  is  organically  capable 
of  supporting  its  wartime  mission*  Evidently,  it  is  impos¬ 
sible  to  guarantee  anything  and  the  safest  option  is  to  have 
each  unit  organically  self-sufficient* 

The  dilemma  encountered  can  only  be  resolved  if 
today's  logistics  manager  is  able  to  predict  how  logistic 
support  affects  operational  capability*  He  or  she  must 
know  how  the  level  of  maintenance  support,  transportation 
support,  resupply  of  parts,  or  any  of  the  whole  myriad  of 
logistics  components  affect  operational  performance*  If  a 
shortfall  exists,  but  is  not  detected,  the  possibility 
exists  that  the  mission  is  Jeopardized*  Because  of  the 
lead-time  required  to  position  equipment,  manpower,  and  the 
other  logistics  components  in  place,  it  is  imperative  that 
any  inventory  model  be  able  to  predict  the  correct  require¬ 
ment  to  fix  any  shortfall  in  time  to  take  corrective  action 
(22:1-2)* 

Dyna-METRIC  is  a  RAND  developed  inventory  model 
designed  to  allow  the  logistics  manager  the  ability  to 
look  at  any  potential  combat  environment  and  determine 
the  shortfalls  caused  by  inadequate  logistical  support* 

This  ability  to  deal  with  the  transient  qualities  of 
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combat  (e.g.,  sortie  rates,  phased  arrival  of  repair  capa¬ 
bilities,  etc.)  is  the  strength  of  Dyna-METRIC  over  the 
steady-state  models.  That  coupled  with  its  capability  to 
calculate  availability  of  aircraft,  allows  for  it  to  be 
of  great  use  to  the  logistics  manager  (13:3 >5)* 

As  before,  Dyna-M.ETRIC  is  an  extension  of  previous 
models,  METRIC,  MOD-METRIC,  and  the  availability  models 
are  all  incorporated  into  Dyna-METRIC  with  modifications 
to  account  for  the  dynamic  environment. 

Dyna-METRIC  took  the  work  that  had  been  done  on 
METRIC,  which  assumed  steady-state,  and  "derived  similar 
results  for  a  time  varying  service  and  demand  process 

model  predicts  how  component  availability 
will  affect  the  forces  combat  capability  measured  in  the 
number  of  Fully  Mission  Capable  (FTIC)  aircraft  based  on 
the  support  system's  resources,  transportation  capability, 
and  repair  capability  (22:2).  Because  Dyna-METRIC  is  an 
analytical  model,  it  can  be  operated  either  to  compute 
stock  levels  or  to  determine  performance.  In  both  modes 
the  operator  specifies  the  probability  he  or  she  desires 
to  be  "sure"  of  having  a  specified  level,  or  less,  of  NMCS 
aircraft.  For  example,  in  the  work  done  on  this  thesis, 
the  authors  desired  an  80  percent  probability  that  there 
would  be  10  percent  or  fewer  NMCS  aircraft  at  each  base. 

The  model  would  look  at  each  base  at  the  specified  time  and 
determine  what  probability  existed  of  there  being  10  percent 


or  fewer  NMCS  aircraft#  If  the  model  determined  that  the 
likelihood  of  achieving  the  10  percent  NMCS  goal  was  less 
than  80  percent,  it  would  recognize  it  as  a  problem#  In 
the  performance  evaluation  mode,  it  would  identify  the 
parts  that  caused  the  system  to  not  achieve  the  desired 
probability#  While  in  the  stock  computational  mode,  it 
would  recommend  an  efficient  marginal  stock  purchase,  if 
necessary,  to  improve  aircraft  availability  (22:12)# 

The  objective  of  Dyna-METRIC  is  to  avoid  the  loss 
of  aircraft  missions  because  of  a  shortage  of  functioning 
components.  This  can  only  happen  when  the  number  of  com¬ 
ponents  in  repair  and  transportation  is  less  than  the  local 
spares  supply  of  these  components#  At  any  one  point  in 
time,  one  could  find  some  serviceable  items  in  inventory, 
some  items  awaiting  repair,  some  items  being  repaired,  some 
items  in  transit  to  and  from  higher  echelons  of  resupply, 
and  some  items  partially  repaired  but  awaating  parts  before 
further  repair  can  commence#  Each  of  these  states  is  a 
pipeline  and  contains  a  portion  of  the  total  inventory  for 
that  item#  If  any  of  these  pipelines  is  not  "filled”  with 
spares,  there  can  be  a  corresponding  hole  in  an  aircraft 
which  will  affect  mission  accomplishment  for  mission 
essential  components  (13:3)*  The  central  computation  of 
Dyna-METRIC  is  to  determine  the  number  of  items  for  each 
component  in  each  pipeline  (22:14)*  The  model  then  takes 
the  number  that  it  (probabilistically)  expects  in  the  total 
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pipeline  and  compares  that  with  the  available  stock  at  each 
location.  It  then  forecasts  (22:16)  "how  the  nonserviceable 
components  would  (probabilistically)  generate  backorders 
(or  aircraft  holes)  and  how  those  holes  would  affect  the 
number  of  available  aircraft,"  for  both  the  full  and  no 
cannibaliaalTion  cases.  Both  cannibalization  modes  have  a 
mean  and  a  standard  deviation  computed  but  the  aircraft 
probability  distribution  represents  full  cannibalization 
(22:16). 

The  algorithms  for  Dyna-METRIC  are  similar  to  other 
models  encountered  so  far.  Expected  backorders,  at  a  point 
in  time,  EB(t)  is  given  by: 


OO 

EB(t)  -s(t))p(dlA.r(t))  (21) 

^S(t)+l 

where  d  =  number  of  components  in  resupply  at  time  t, 

S(t)  =  stock  level  at  time  t,  and 
A.T(t)  =  average  number  in  pipeline  at  time  t. 

It  is  obvious  that  Dyna-METRIC  uses  the  same  expected  back¬ 
order  equation  (4)  as  the  earlier  Base  Stockage  model, 
adapted  for  a  nonsteady-state  environment  ( 13: 28-29) • 

The  number  of  NMCS  aircraft  at  time  t,  (EN(t)),  for  a 
no  cannibalization  scenario  is  given  by: 
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(22) 
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i 
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EN(t)  =  F(t) 


where  F(t)  =  number  of  aircraft  at  time  t, 
n  =  number  of  items,  and 

EBj_(t)  =  number  of  backorders  for  item  i  at  time  t 
(13:33-34). 

Again,  the  equation  is  exactly  like  equation  (7),  but 
adapted  for  a  nonsteady-state  environment. 

A  full  cannibalization  scenario  (13:35-36)  assumes 
that  shortages  are  consolidated  to  make  the  smallest 
expected  number  of  non-mission  capable  aircraft.  The 
expected  number  of  non-mission  capable  aircraft,  EN(t), 
is  given  by: 


F(t)-1 

EN(t)  2l-p(j)  (23) 

0=0 

where  p(0)  =  the  probability  that  the  number  of  NMCS  air¬ 
craft  is  equal  to  or  less  than  j.  Again  this  is  an  adap¬ 
tation  of  equation  (11)  for  a  time  varying  scenario.  The 
NMC  distribution  function  under  the  full  cannibalization 
is: 


pNj(t)  =  p(J)-p(J-l). 


(24) 
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Although  Dyna-METRIC  is  an  attempt  to  model  the  real 
world  more  accurately,  it  still  has  its  limitations  (22:34- 
43); 

1 •  The  repair  process  is  stationary.  Dyna-METRIC 
assumes  that  if  a  repair  team  is  present,  adequate  repair 
resources  exist  to  assure  the  average  repair  time  is  rel¬ 
atively  constant.  There  will  be  no  parts  in  queue  awaiting 
repair. 

2.  The  sortie  rate  is  not  constrained  by  flight 
line  limitations, 

3.  Component  demand  rates  vary  with  the  flying 
hours  only. 

4.  Aircraft  at  any  one  base  must  be  •’ semi-homo gen- 
eous".  The  model  assumes  for  full  cannibalization  that  all 
aircraft,  their  sorties,  and  their  components  are  fully 
interchangeable • 

5.  Components  must  be  fully  tested  before  repair, 
or  reordering  can  begin. 

6.  All  levels  of  resupply  are  assumed  to  have 
identical  repair  processes.  The  repair  times  are  identical 
as  are  the  sub-component  demand  rates, 

Dyna-METRIC  has  the  capability  to  assign  the  appro¬ 
priate  variance- to-mean  ratio  to  any  LRU,  In  the  future, 
variance- to-mean  ratios  will  be  permitted  on  the  SRU  data 
input  (16).  One  can  specify  a  variance-to-mean  ratio  from 
zero  to  infinity.  Assuming  that  the  variance-to-mean 
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ratio  equals  one,  the  probability  distribution  of  x  items 
in  resupply  is  a  Poisson  random  variable,  given  by  equation 
(1),  For  variance-to-raean  ratios  greater  than  one,  Dyna- 
METRIC  uses  the  same  negative  binomial  distribution  as 
equation  (18)* 

Sensitivity  Analysis  of  the 
Variance»to-Kean  Parameter 

Every  inventory  model  requires  that  consumption 
demand  be  expressed  in  terms  of  a  mean  demand  and  the 
variability  of  that  demand  about  its  mean.  Beginning 
with  the  Base  Stockage  model,  it  became  possible  to  analyze 
the  supply  system  by  varying  input  parameters  (8:14). 

Experimenting  with  three  different  variance-to-mean 
ratios,  Feeney  and  Sherbrooke  (9j21)  found  "stockage  re¬ 
quirements  to  be  very  sensitive  to  assumption  of  demand 
variability,"  An  optimization  based  on  an  incorrect  vari- 
ance-to-mean  ratio  usually  would  lead  to  "substantisG.  degra¬ 
dation  in  performance  /”8;21  They  found,  for  example, 

that  an  assumed  variance-to-mean  ratio  of  one  (simple 
Poisson)  would  lead  to  a  fill  rate  of  ,886  if  the  true  vari- 
ance-to-mean  ratio  is  one.  But,  if  the  assumed  variance-to- 
mean  ratio  is  one  and  the  true  variance-to-mean  ratio  is 
two,  one  would  have  a  fill  rate  of  ,845»  In  order  to  bring 
the  fill  rate  up  to  ,886,  a  25  percent  increase  in  stock 
would  be  required.  The  situation  is  even  more  bleak  if  the 
assumed  variance-to-mean  ratio  is  one,  while  the  true 


variance- to-mean  ratio  is  three.  In  that  case,  a  50  percent 
increase  in  stock  would  be  required  to  achieve  the  same  fill 
rate  (8:21-22).  Feeney  and  Sherbrooke  (8:22)  conclude  that 
the  correct  variance- to-mean  ratio  is  "essential  for  an 
appropriate  allocation  of  funds,"  Further,  they  insist 
that  the  variance  of  all  items  must  be  reduced  to  the  min¬ 
imum  possible  to  reduce  stockage  requirements  and  conse¬ 
quently,  investment. 

The  METRIC  model  assumes  that  the  variance-to-mean 
ratio  is  the  same  for  all  bases.  This  assumption  allows 
the  demand  distribution  at  the  depot  to  be  logarithmic 
Poisson  with  the  ssune  variance-to-mean  ratio,  a  feature 
which  allows  a  computational  advantage  (25:132),  Sher¬ 
brooke  (24:47)  investigated  the  sensitivity  of  the  variance- 
to-mean  ratio  in  METRIC.  With  a  true  variance-to-mean  of 
-wo  and  an  assumed  variance-to-mean  of  one,  he  found  a  29 
percent  increase  in  expected  backorders.  Inverting  the 
relationship  by  assuming  a  variance-to-mean  of  two,  when  the 
true  variance-to-mean  is  one,  yields  an  82  percent  increase 
in  backorders.  Because  METRIC  is  cost  constrained,  each 
alteration  of  the  variance-to-mean  ratio  would  distribute 
the  aissets  differently.  Evidently,  the  distribution  that 
is  optimal  for  an  assumed  varianct  «to-mean  ratio  of  two 
is  not  optimal  for  a  real  variance-to-mean  ratio  of  one, 
Sherbrooke  also  found  that  the  variance-to-mean  ratio  be¬ 
came  more  sensitive  as  the  investment  increased. 


A  complementary  study  by  Sprung  (26:8)  at  AFLC 
found  that  as  the  variance-to-mean  ratio  increased,  the 
number  of  backorders  increased  if  the  algorithm  was  con¬ 
strained  by  a  dollar  amount,  Estey  (5:16),  while  working 
on  a  non-METRIC  inventory  system,  found  the  cost  of  the 
inventory  to  increase  as  the  variance-to-mean  ratio  in¬ 
creased. 

Current  Practices 

The  questions  of  what  effect  various  variance-to- 
mean  ratios  have  on  the  output  of  inventory  models  led  the 
authors  to  determine  what  variance-to-mean  ratios  were 
currently  being  used  in  the  Air  Force  and  how  they  were 
determined. 

The  authors  interviewed  Mr,  Victor  Presutti,  Mr, 

John  Hill,  and  Mr,  Michael  Niklas  at  AFLC/XRS,  during  the 
course  of  this  thesis  and  found  them  an  extremely  valuable 
source  of  information.  In  conversation  with  XRS,  the 
authors  found  that  currently  used  variance-to-mean  ratios 
vary  widely  depending  on  the  inventory  model  used.  Besides 
the  inconsistency,  there  appeared  to  be  only  minimal 
attempts  to  link  the  variance-to-mean  ratios  with  the  true 
variability  of  demand.  The  variance-to-mean  ratio  is  de¬ 
termined  by  arbitrary  methods  (12;  20;  21), 

Prior  to  a  1973  study  by  AFLC,  a  standard  value  of 
1,01  was  used  for  the  variance-to-mean  ratio.  It  was  felt 
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that  1.01  would  not  seriously  impair  the  effectiveness  of 
any  marginal  analysis  computations.  But  more  importantly, 
there  was  a  fear  that  another  value  for  the  variance-to- 
mean  ratio  might  cause  more  serious  misallocation  of  re¬ 
sources  (28:8).  In  that  study,  the  historical  demand  data 
of  items  was  regressed  to  find  a  method  of  determining  the 
variance-to-mean  ratio  for  each  item.  A  power  formula 
equation  of  the  form 

Variance-to-mean  ratio  =  am^ 

where  a  and  b  are  regression  coefficients,  and  m  is  the 
mean  demand,  was  found  to  best,  fit  the  data.  The  general 
relationship  was  that  as  the  mean  increases,  the  variance- 
to-mean  ratio  also  increases,  but  at  a  decreasing  rate  (28: 
17).  Currently,  the  power  function  is  used  on  the  AFLC 
Recoverable  Items  Requirements  Computation  System  (D04IA), 
and  the  AFLC  Central  Leveling  System  (D028A)(20), 

Far  more  common  than  a  mathematical  technique  like 
the  power  function  is  the  case  where  the  variance-to-mean 
ratio  is  set  as  a  standard  figure  for  the  entire  system. 
Currently,  the  Wartime  Requirement  Spares  Kit  (WRSK)  and  the 
Base  Level  Self-Sufficiency  Spares  (BLSS)  set  the  variance- 
to-mean  ratio  at  1,0,  Both  of  these  inventory  models  are 
methods  for  establishing  wartime  requirements  (21),  A  more 
recent  model  that  uses  1 ,0  is  the  Combat  Support  Capability 
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Management  System  (CSCMS)  (11),  The  CSCMS  uses  Dyna-METRIC 
as  its  inventory  modelling  sub-system  and  was  developed 
jointly  by  the  Pacific  Air  Forces  (PACAF),  AFLC,  and  RAND 
(25:iv),  According  to  Pyles  (22:28): 

Data  and  models  indicating  non-Poisson  component 
pipeline  distribution  are  rarely  available.  There¬ 
fore,  most  analyses  assume  the  Poisson  distribution 
will  be  obtained  for  most  components  by  setting 
their  variance-to-mean  ratios  to  1.00, 

The  Logistic  Management  Institute  (LMI)  developed 
the  availability  model  mentioned  earlier.  This  model  is 
used  at  the  Pentagon  to  forecast  aircraft  availability  for 
future  budget  years.  Values  for  the  variance-to-mean  ratio 
are  set  according  to  the  number  of  years  forward  the  model 
is  used  to  predict.  Close-in  years  use  smaller  variance- 
to-mean  ratios,  while  out  years  use  higher  variance-to- 
mean  ratios.  The  variance-to-mean  ratio  cam  range  from  a 
value  of  1,00  to  5*00  (21). 

The  most  exotic  technique  for  determining  a  variance- 
to-mean  ratio  was  developed  by  AFLC/XRS,  In  this  method, 
the  variance-to-mean  ratio  is  set  equal  to  the  square  root 
of  the  number  of  bases.  The  variance-to-mean  ratio  camnot 
exceed  5*00,  Because  of  the  frustrations  XRS  feels  at  not 
being  able  to  determine  the  true  variance-to-mean  ratio, 
and  the  variety  of  variance- to-meam  ratios  in  use,  they  feel 
that  this  technique  is  as  accurate  as  any,  XRS  feels  that 
the  vamiance-to-mean  ratio  is  an  "extremely  sensitive" 
parauneter.  But  no  one  knows  how  sensitive  the  variance- 
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to-mean  ratio  is,  or  how  to  compute  the  true  variance-to- 
mean  ratio  (21). 

In  order  to  reduce  the  ambiguity  of  estimating  the 
variance-to-mean  ratio,  AFLC  recently  let  a  contract  to 
determine  the  best  technique  to  correctly  estimate  the 
variance-to-mean  ratio  (21), 

Summary 

It  is  evident  that  much  money  ($2*5  billion)  is 
involved  in  recoverable  assets  and  it  is  important  to  the 
Air  Force  that  this  money  is  managed  most  efficiently.  It 
was  found  that  an  (S-1,S)  inventory  system  is  the  most  cost 
effective,  V/ith  the  adoption  of  Palm’s  theorem  to  inventory 
models,  it  became  possible  to  predict  inventory  system  per¬ 
formance  measures  (e,g,,  fill  rate,  ready  rate,  expected 
backorders,  no  cann  availability  and  full  cann  avail¬ 
ability).  It  was  recognized  that  the  conventional  Palm's 
theorem  covered  a  steady-state  environment  and  a  method 
was  needed  to  address  the  dynamic  environment  in  which  the 
Air  Force  might  find  itself.  Palm's  theorem  was  modified 
to  account  for  this  dynamic  environment. 

Various  models  were  developed  to  best  decide  how  to 
spend  the  money  provided  to  buy  spares.  The  models  started 
simple  and  became  more  complex  by  building  on  their  prede¬ 
cessor,  The  Conventional  stockage  model  is  a  fairly  simple, 
non-probabilistic ,  model  that  added  an  arbitrary  value  for 
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safety  stock.  The  Base  Stockage  model  is  a  probabilistic 
model  that  uses  Palm's  theorem  and  optimizes  over  the  entire 
system  (Base  Supply)  to  minimize  backorders,  METRIC  takes 
the  Base  Stockage  model  one  step  further  and  incorporates 
the  depot.  MOD-METRIC  found  that  METRIC  would  buy  too 
many  low  cost  items  and  set-up  indentured  relationships  so 
that  optimization  would  only  occur  on  the  most  critical 
parts.  By  making  an  addition  to  METRIC,  the  LMI  Avail¬ 
ability  model  captures,  as  a  performance  measure,  military 
capability  versus  backorders.  To  this  point,  the  environ¬ 
ment  has  been  assumed  to  be  steady-state,  Dyna-METRIC 
breaks  with  this  train  of  thought  and  looks  at  the 
environment  as  dynamic  and  varying  with  time,  Dyna-METRIC 
includes  all  the  previous  models  and  their  system  perform¬ 
ance  measures,  but  in  a  time-varying  scenario. 

Previous  studies  on  the  variance-to-mean  ratio  were 
limited  to  steady-state  models.  Using  expected  backorders 
as  the  measure,  the  variance-to-mean  ratio  was  found  to  be 
an  extremely  sensitive  input  parameter.  It  was  surprising, 
then,  to  find  such  variability  in  techniques  used  to  esti¬ 
mate  the  variance-to-mean  ratio. 

Conclusion 

It  is  evident  that  the  variance-to-mean  ratio  is  an 
important  parameter.  It  is  included  in  all  inventory  models 
and  the  analyses  done  so  far  have  concluded  that  inventory 
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models  are  sensitive  to  flucuations  in  the  variance-to- 
mean  ratio.  One  thing  that  is  not  known  is  how  sensitive 
the  output  of  a  nonsteady-state  model,  such  as  Dyna-METRIC, 
is  to  the  variance- to-mean  ratio. 
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CHAPTER  III 


RESEARCH  METHODOLOGY 


Overview 

Three  basic  ingredients  form  the  foundation  of  this 
research.  The  first  is  formulation  of  an  experimental 
design.  The  design  had  to  be  such  that  the  basic  research 
questions  could  be  answered  over  a  relevant  range  of  vari- 
ance-to-mean  ratios*  The  second  necessary  ingredient  was 
choice  of  an  evaluation  tool.  The  evaluation  tool  would 
have  to  be  a  validated  ’’state-of-the-art”  recoverable  item 
inventory  model  capable  of  handling  realistic  peacetime/ 
wartime  scenarios  in  both  the  stock  computation  and  the 
aircraft  performance  evaluation  modes.  The  RAND  Corpora¬ 
tion  developed  Dyna-METRIC  model  wets  selected.  Finding 
or  developing  a  realistic  data  base  emd  an  operational 
scenario  was  the  third  major  area.  Ogden  ALC  had  developed 
and  refined  a  PACAF/USAFE  F-16  scenario.  This  highly 
realistic  scenario  was  selected  for  this  research.  The 
research  questions  will  be  answered  by  executing  the  ex¬ 
perimental  design  using  the  Dyna-METRIC  model  and  the  Ogden 
F-16  data  base. 

E^_perimental  Design 

To  insure  the  general  applicability  of  the  results  of 
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this  research,  the  research  was  conducted  for  a  range  of 
variance-to-mean  ratios  that  most  Air  Force  recoverable 
items  exhibit.  Since  approximately  80  percent  (28:20-21; 
12)  of  AFLC  managed  recoverable  items  have  variance-to-mean 
ratios  between  1.0  and  3«0,  this  was  the  area  of  focus.  To 
insure  that  trends  in  experimental  results  were  identi¬ 
fiable,  nine  variance-to-mean  ratios  in  increments  of  .25 
between  1.0  and  3.0  were  used.  A  variance-to-mean  ratio 
of  5.0  was  also  used  to  determine  if  the  general  trends  of 
model  outputs  at  5.0  follow  the  same  pattern  as  exhibited 
between  1.0  and  3«0. 

The  research  design  can  be  thought  of  as  completion 
of  a  ten  by  ten  matrix  as  depicted  in  Figure  2. 


V/M 

Variance-to-Mean  Ratios  Used 

Stockage 

Used  For 

To  Evaluate  Performance 

Cost 

Stockage 

$(millions) 

1.00  1.25  1.50  1.75. ...5.00  5.00 

1.00 

1.25 

1.50 

Research  Question  i^l 

Research 

1.75 

• 

• 

Question 

• 

3.00 

5.00 


Figure  2,  Matrix  Design 


The  first  research  question  of  how  changing  the  vari- 
ance-to-mean  ratios  affect  item  requirement  computations 
(quantities  and  mix  of  stock) ^  and  therefore  cost,  is 
answered  by  inputting  the  estimated  variance-to-mean  ratios 
observed  in  the  left  vertical  column  into  a  recoverable 
item  inventory  model.  The  outputs  from  that  model,  when 
run  in  a  stockage  computation  mode,  are  qusmtities,  mixes, 
and  costs  of  spare  parts  necessary  at  the  bases  and  depot 
to  achieve  a  given  aircraft  availability  rate. 

While  the  first  research  question  asks  how  changing 
the  estimated  variance-to-mean  ratios  affect  stockage  costs, 
the  second  question  asks  how  aircraft  performance  (avail¬ 
ability)  is  affected  if  the  actual  variance-to-mean  ratio 
experienced  for  an  item  or  group  of  items  is  different 
than  the  estimated  variance-to-mean  ratio  used  to  develop 
stockage.  The  stock  levels  computed  for  each  item,  both 
at  the  bases  and  depot  for  each  estimated  variance-to- 
mean  ratio,  are  used  as  inputs  to  the  inventory  model.  The 
inventory  model  is  then  run  in  a  performance  mode,  to  deter¬ 
mine  aircraft  availability  for  each  actual  variance-to-mean 
ratio  between  1*0  and  3*0  and  then  at  5»0  as  shown  in  the 
top  horizontal  row  of  the  matrix.  For  each  set  of  computed 
stock  levels  resulting  from  the  estimated  variance-to-mean 
ratios,  there  are  individual  performance  computations  run 
for  each  of  the  ten  actual  variance-to-mean  ratios.  When 
the  ten  by  ten  matrix  is  complete,  there  will  be  100 


48 


individual  performance  computations. 

This  design  has  its  strengths  and  weaknesses.  One 
of  the  strengths  is  that  all  parameters  of  the  realistic 
scenario  are  held  constant  except  those  parameters  of 
concern:  variance- to-mean  ratios  (in  stockage  and  perfor¬ 
mance  computations)  and  the  stock  levels  (in  performance 
computations).  This  enhances  the  ability  of  the  researcher 
to  discern  the  cause  and  effect  relationship  of  changing 
the  estimated  variance-to-mean  ratios  on  stockage  cost  and 
the  effect  that  erroneously  estimated  variance-to-mean 
ratios  have  on  aircraft  availability.  The  matrix  design 
also  presents  the  results  in  an  easily  interpretable 
fashion.  Trends  should  be  easily  recognized.  With  the 
relevant  range  of  variance-to-mean  ratios  (1,0  to  5*0) 
broken  into  ,25  increments,  the  resolution  of  the  output 
results  should  be  such  that  trends  will  be  evident.  The 
assumption  that  all  errors  in  the  estimated  variance-to- 
mean  ratios  are  unidirectional  is  a  weakness  in  this  design. 
While  completing  the  matrix,  all  the  variance-to-mean  ratios 
of  all  items,  are  set  to  the  same  estimated  value  in  the 
stock  computation  mode.  Although  it  is  recognized  that  it 
is  highly  unlikely  that  all  errors  in  the  real  world  will  be 
biased  in  the  same  direction  at  the  same  magnitude,  the 
results  of  this  research  still  should  be  meaningful  in 
gauging  the  sensitivity  of  model  outputs  to  changing  the 
variance-to-mean  ratios. 
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Stockage  and  Evaluation  Model 

The  RAND  developed  Dyna-METRIC  stockage  model  was 
used  as  the  evaluation  tool  for  this  research*  It  Is  a 
validated  "state-of-the-art”  recoverable  item  inventory 
model  with  both  stockage  computation  and  performance 
evaluation  capability.  The  problem  of  formulating  data 
base  inputs  is  greatly  simplified  when  a  single  model  is 
capable  of  operating  in  both  modes*  The  model  was  made 
available  to  AFIT  by  RAND  and  was  loaded  onto  the  Harris 
500  system,  located  at  AFIT* 

Dyna-METRIC  is  a  powerful  tool  that  allows  the 
researcher  flexibility  in  setting-up  experiments*  It  is  a 
dynamic  model*  Aircraft-  levels  and  flying  hour  programs 
can  be  changed  within  any  given  scenario*  This  allows 
realistic  changes  in  both  peacetime  and  wartime  scenarios  to 
be  modeled,  enhancing  the  credibility  of  the  model’s  out¬ 
puts*  The  only  other  model  with  this  capability  that  the 
Air  Force  is  close  to  having  operational  is  WARS,  But  it 
was  not  operational  at  the  time  of  this  research  and  there¬ 
fore  could  not  be  used*  Dyna-METRIC  is  capable  of  handling 
indentured  relationships  among  items*  If  a  line  replaceable 
unit  (LRU)  is  composed  of  several  shop  replaceable  units 
(SRU),  these  relationships  can  be  shown*  Each  LRU  and  SRU 
has  its  own  failure  (demand)  rate*  The  model  is  capable 
of  predicting  when  the  LRU  will  fail  and  be  removed  from  the 
aircraft*  It  is  also  capable  of  determining  whether  a 
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particular  SRU  had  caused  the  LRU  to  fail  so  that  the  SRU 
could  be  replaced  thereby  returning  the  LRU  to  serviceable 
condition.  In  the  stock  computation  mode,  the  model  consid¬ 
ers  these  LRU/SRU  relationships  and  makes  decisions  to  buy 
whatever  quantity  and  mix  of  LRU/SRUs  are  cost  optimal  to 
achieve  the  desired  aircraft  availability  goal.  The  model 
is  multi-echelon.  It  will  handle  up  to  ten  bases  and  pro¬ 
vide  full  capability  to  model  a  Centralized  Intermediate 
Repair  Facility  (CIRF)  or  depot.  The  relationships  between 
bases  and  CIRF/depot  are  easily  modeled.  Shipping,  repair, 
and  delay  times  as  well  as  not  reparable  this  station  (NRTS) 
factors  add  realism  to  the  scenario.  The  model  is  prob¬ 
abilistic.  Item  consumption  (demand)  data  are  input  as 
demand  distributions  with  a  mean  and  variance- to-mean 
ratio.  Model  outputs  are  in  terms  of  prcb,abilities  of 
achieving  a  desired  NMCS  rate,  number  of  NMCS  aircraft,  and 
sortie  generation  distributions, 

Dyna-METRIC  is  not  without  its  limitations  however. 
The  model  can  be  run  in  the  stock  computation  mode  only 
under  a  full  LRU/SRU  cannibalization  assumption.  The  model 
automatically  assumes  that  any  failed  LRU  has  all  of  its 
components  SRUs.  available  for  use  in  fixing  other  failed 
LRUs,  It  also  assumes  that  any  grounded  (NMCS)  aircraft 
has  all  of  its  serviceable  LRUs  available  for  use  to  fix 
other  NMCS  aircraft.  This  research,  as  a  result,  is  con¬ 
fined  to  the  full  cannibalization  assumption.  To  gain  a 
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more  comprehensive  understanding  of  the  effects  of  changing 
variance-to-mean  ratios,  it  would  have  been  helpful  to  ex¬ 
periment  at  the  other  extreme  of  the  performance  spectrum 
and  assume  a  no  cannibalization  policy.  RAND  currently  has 
plans  to  develop  the  capability  to  do  this,  but  does  not 
know  when  the  enhancement  will  be  available  (15)*  When  run 
in  the  stock  computation  mode,  the  model  does  not  use  mar¬ 
ginal  analysis  to  decide  whether  placing  stock  at  the  CIRF/ 
depot  or  any  of  the  baces  will  do  the  most  good  at  the  least 
cost  in  improving  aircraft  availability.  It  simply  fills 
the  CIRF/depot  pipeline  and  then  goes  about  minimizing  the 
cost  of  stockage  at  each  base  while  achieving  a  desired 
probability  that  the  NI-ICS  rate  will  be  on  target  (e.g. , 
pjl^MCS  rate  =  10  percent  of  aircrafts  80  percent). 

Research  Data  Base 

A  USAFE/PACAF  F-l6  data  base  (scenario)  was  obtained 
from  Ogden  ALC.  This  peacetime  scenario  has  been  used  by 
Ogden  in  conjunction  with  the  Dyna-METRIC  model  for  over 
a  year.  It  is  realistic  yet  relatively  simple.  It  is  being 
used  to  predict  the  performance  of  USAFE/PACAF  bases  at 
quarterly  increments,  given  certsdn  stockage  levels  for 
each  item.  Problems  in  the  quantities  and  mix  of  spare 
parts  among  the  bases  amd  depot  can  be  analyzed  and  correc¬ 
tive  action  taken.  Consumption  demand  rates,  flying  hour 
programs,  aircraft  levels,  repadr  and  delay  times,  NRTS 
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rates,  and  all  other  data  are  either  based  on  or  are  pro¬ 
jections  from  historical  data.  The  data  is  being  updated 
quarterly,  based  on  the  latest  information  on  new  incoming 
stock,  buys,  or  changes  to  other  data  parameters  such  as 
aircraft  flying  hour  programs  and  aircraft  levels.  It  is 
a  scaled  data  base.  Since  Ogden's  objective  is  to  look  at 
quarterly  performance  increments,  they  have  scaled  all 
time-dependent  data  so  that  one  day  of  model  time  equals  30 
days  of  scenario  time.  This  allows  a  36  month  look  into 
the  future  in  just  36  days  of  model  time.  Running  the  model 
is  thus  much  less  time  consuming  with  little  or  no  sacrifice 
in  the  accuracy  of  results  (11).  As  a  result  of  this 
scaling,  however,  Ogden  had  to  make  some  input  format 
changes  to  the  Dyna-JIETRIC  FORTRAN  coding.  So  that  the 
Ogden  data  base  could  be  used  in  this  research,  those  same 
changes  were  incorporated  into  the  version  of  Dyna-METRIC 
loaded  to  the  Harris  500* 

A  comprehensive  discussion  of  the  data  base  is  given 
in  Appendix  A  of  this  thesis. 

Execution  of  Experiment 

Modification  to  Dyna-METRIC.  The  Dyna-METRIC  model 
was  modified  slightly  to  save  time  in  executing  the  experi¬ 
ment.  FORTRAN  statements  were  added  to  write  to  an  output 
file  with  each  stock  number  and  stock  quantities  for  each 
base  and  the  depot.  This  file  would  be  written  to  only  when 
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the  model  was  being  run  in  the  stock  computation  mode. 

The  file  could  then  be  manipulated  to  revise  the  input 
stockage  portion  of  the  Ogden  data  base.  The  data  base 
would  then  be  ready  to  run  in  a  performance  computation 
mode. 

Run  Length  and  Performance  Goals,  It  was  decided 
that  both  research  questions  would  be  answered  using  the 
Ogden  data  base  evaluated  in  a  50  month  scenario.  The 
first  research  question  would  be  answered  by  running  the 
model  and  data  base  in  the  stock  computation  mode  for  30 
months.  The  objective  of  the  stock  computation  mode  was  to 
achieve  an  80  percent  probability  that  there  would  be  no 
more  than  10  percent  of  the  aircraft,  at  any  base,  NMCS 
at  any  point  in  time  over  the  entire  30  month  scenario. 

The  second  research  question  would  be  answered  by  running 
the  model  for  30  months  using  the  computed  stock  levels 
from  question  one. 

Sequence  of  Attack,  The  four  corners  of  the  matrix, 
as  outlined  in  the  research  design,  were  completed  first. 

It  was  felt  that  these  extreme  points  would  indicate  whether 
the  range  of  variance-to-mean  ratios  considered  (1,0  to 
5.0)  was  sufficient  to  indicate  the  sensitivity  of  the 
performance  outputs  of  the  model  to  the  variance-to-mean 
ratio.  The  1,0  versus  1,0  and  5*0  versus  5*0  corners  would 
have  to  be  close  to  the  goal  of  an  80  percent  probability  of 
a  10  percent  NMCS  rate.  The  5.0  versus  1,0  and  1,0  versus 

5.0  corners  would  need  to  be  close  to  the  100  percent  and 
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0  percent  probabilities  respectively.  If  that  was  not  true, 
modifications  to  the  experimental  design  would  have  been 
undertaken. 

Case  Study  Apnroach/No  Sampling.  The  nature  of 
experimental  execution  using  an  analytical  model  such  as 
Dyna-METRIC  closely  parallels  a  group  of  case  studies. 

Each  of  the  100  cells  of  the  ten  by  ten  matrix,  when  com¬ 
pleted,  can  be  thought  of  as  a  case  study  by  itself.  The 
mathematical  processes  are  so  exacting  that  for  a  given  set 
of  input  parsuneters  only  one  set  of  outputs  is  possible. 
There  is  one  and  only  one  answer  for  each  cell  of  the 
matrix.  The  answers  are,  however,  given  in  probabilistic 
terms  with  a  mean  and  variability  about  that  mean.  This  is 
in  contrast  to  a  sampling  study  using  a  simulation  model. 

In  simulation,  a  random  number  generator  would  produce 
different  sets  of  input  parameters  for  each  run,  producing 
different  output  results.  Several  runs  would  have  to  be 
completed  for  each  cell  of  the  matrix  and  statistical  anal¬ 
ysis  done  on  those  results  to  reach  an  answer  for  each  cell. 
If  a  truly  random  sampling  was  used,  there  is  a  very  high 
probability  that  simulation  would  come  close  to  but  never 
duplicate  the  same  answer  for  each  cell,  no  matter  how  many 
simulations  were  run  on  that  cell.  The  significance  of 
using  the  analytical  model  in  the  multiple  case  study  mode 
is  that  it  is  much  less  time  consuming,  allowing  the  re¬ 
searchers  to  cover  a  much  broader  spectrum  of  relevant 
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CHAPTER  IV 


RESULTS 


Overview 

The  results  of  this  study  will  be  presented  in  both 
tabular  and  graphic  form.  Tables  1  and  2  represent  the 
summary  of  the  results  in  matrix  format.  Figure  3  address¬ 
es  the  first  research  question.  It  graphs  the  estimated 
variance-to-mean  ratios  versus  stockage  costs.  Figures  4 
and  5  address  the  second  research  question.  They  show  the 
effects  on  scenario  performance  of  a  stockage  policy  when 
the  actual  variance-to-mean  ratio  experienced,  when  the 
aircraft  performed  in  the  field,  is  not  the  same  as  the 
estimated  variance-to-mean  ratio  used  in  stock  computation. 

The  analysis  of  results  will  focus  on  interpretation 
of  these  tables  and  graphs.  Relationships  between  variables 
will  be  pointed  out  and  analyzed  to  achieve  a  full  under¬ 
standing  of  the  results. 

Presentation  of  Research  Results 

Tables  1  and  2  present  the  condensed  results  of  the 
study.  The  results  are  displayed  in  a  ten  by  ten  matrix. 

The  far  left  hand  column  of  each  table,  gives  a  value  for 
the  estimated  variance-to-mean  ratio,  the  value  assumed  for 
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stockage  planning  purposes.  This  is  the  value  that  deter¬ 
mines,  in  this  study,  which  items  will  be  purchased  and  to 
what  quantity.  The  column  to  the  extreme  right  in  each 
table  is  the  cos’t  of  the  stock,  in  millions  of  dollars, 
purchased  at  each  estimated  variance-to-mean  ratio  to 
achieve  an  80  percent  probability  of  having  10  percent  or 
fev/er  NMCS  aircraft  at  any  base.  Across  the  top  of  each 
table  is  the  actual  variance-to-mean  ratio  that  was  used 
in  the  performance  evaluation  of  each  of  the  ten  stockage 
policies.  For  example,  the  cell  in  the  upper  right  corner 
of  each  table  reflects  the  results  that  would  be  obtained 
should  the  planner  assume  a  variance-to-mean  ratio  of  1,0, 
and  purchase  stock  using  this  variance-to-mean  ratio,  but 
the  actual  variance-to-mean  ratio  encountered  was  5*0  in 
the  operational  environment. 

Each  cell  in  the  matrix  represents  the  intersection 
of  the  estimated  variance-to-mean  ratio  and  the  actual. 

The  statistic  in  each  cell  of  Table  1  is  the  percentage 
of  NMCS  aircraft  for  all  bases,  at  the  end  of  month  30, 
assuming  full  cannibalization,  Dyna-METRIC  generated  for 
each  base  a  point  estimate  of  the  expected  number  of  NMCS 
aircraft  and  a  standard  deviation  of  that  point  estimate. 
The  statistic  in  each  cell  is  the  total  of  the  point  esti¬ 
mates  divided  by  the  total  number  of  aircraft  available  at 
the  end  of  month  30, 

The  statistic  in  each  cell  of  Table  2  is  the  prob- 


ability  or  the  percent  of  time,  that  a  specific  situation 
will  produce  10  percent  or  fewer  NMCS  aircraft  under  a  full 
cannibalization  scenario.  For  example,  the  cell  mentioned 
before  (1,0  versus  5«0)  has  a  zero  chance  of  producing  10 
percent  or  fewer  NMCS  aircraft.  This  statistic  is  a 
weighted  average  of  all  eight  bases.  Each  base  had  its  own 
probability  computed.  The  figure  presented  is  the  average 
of  all  eight  locations  based  on  the  percentage  of  aircraft 
at  that  location  at  the  end  of  month  30, 

Figure  3  shows  the  relationship  of  the  estimated 
variance- to-mean  ratio  to  the  cost  of  the  stockage  policy. 

It  was  developed  from  the  tables  to  aid  in  answering 
research  question  number  one. 

Figures  4  and  5  are  contour  graphs  developed  from 
Tables  1  and  2  respectively.  These  will  aid  in  the  analysis 
of  research  question  number  two.  Figure  4  shows  what 
happens  to  the  point  estimate  of  the  expected  percent  of 
NMCS  aircraft  (Y  axis)  when  the  actual  variance- to-mean 
ratio  (X  axis)  is  not  the  same  as  the  estimated  (contour 
lines).  Figure  5,  on  the  other  hand,  displays  how  the 
probability  of  achieving  a  10  percent  NMCS  rate  (Y  axis) 
is  affected  by  experiencing  an  actual  variance-to-mean 
ratio  (X  axis)  which  differs  from  a  given  estimated  vari- 
ance-to-mean  ratio  (contour  lines). 
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Figure  4*  Percent  Aircraft  NMCS 
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Figure  5,  Probability  of  Achieving  Performance  Target 
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Analysis 


A  question  arises  when  looking  at  the  figures  in 
each  cell  along  the  upper  left  to  lower  right  diagonal  of 
Table  1 .  This  is  the  diagonal  where  the  estimated  and 
actual  variance-to-mean  ratios  are  equal.  Intuitively 
one  might  think  they  should  all  be  alike.  At  1.0  versus 
1.0,  the  expected  NMCS  percent  is  8.9  percent.  But  that 
value  tapers  significantly  to  5*9  percent  at  5*0  versus 
5.0,  This  can  be  attributed  to  the  variability  of  the 
demand  distribution.  The  expected  NMCS  percent  or  mean 
percentage  can  be  close  to  the  10  percent  NMCS  goal  when 
demand  variability  is  low  (e.g,,  variance-to-mean  ratio 
=  1,0)  to  achieve  the  80  percent  probability  of  meeting 
the  10  percent  target.  However,  as  demand  variability 
increases,  the  expected  NMCS  percent  must  be  made  lower, 
because  one  has  to  go  out  further  to  the  right  in  the 
demand  distribution  to' reach  the  80  percent  probability 
density  point  of  a  10  percent  NMCS  rate.  The  bell-shaped 
distributions  in  Figure  6,  although  not  totally  accurate 
with  respect  to  the  exact  distribution  of  NMCS  aircraft, 
serve  to  illustrate  this  point, 

V/M=5 

Sfo  1 0% 


Figure  6.  NIiCS  Percentage  Distributions:  V/M=l  and  '^I/'A=3 


When  the  estimated  and  actual  variance-to-mean  ratios 
are  equal,  as  viewed  on  the  upper  left  to  lower  right  dia¬ 
gonal  of  Table  2,  one  might  intuitively  expect  that  the 
management  goal  of  achieving  an  80  percent  probability  of 
10  percent  or  fewer  NMCS  aircraft  would  be  hit  exactly.  As 
observed  in  the  figures  of  each  of  these  diagonal  cells, 
the  goal  was  exceeded.  The  probabilities  of  achieving  the 
10  percent  would  have  been  achieved  if  the  scenario  was 
totally  static.  However,  aircraft  levels  and  flying  hour 
programs  changed  periodically  throughout  the  scenario  time 
frame.  The  Dyna-METRIC  model  did  just  as  it  should  have 
done.  It  computed  required  stock  levels  to  achieve  the 
80  percent  target  throughout  the  scenario.  Some  of  the 
base  sortie  rates  peaked  at  month  22  and  tapered  off  to 
month  30.  The  model  bought  stock  to  cover  the  peak  progreun 
at  month  22  and,  of  course,  had  more  than  enough  stock  to 
meet  the  80  percent  goal  at  month  30,  resulting  in  per¬ 
formance  greater  than  80  percent. 

Figure  3  is  a  graph  of  the  relationship  between  the 
estimated  variance-to-mean  ratios  and  cost  in  millions  of 
dollars.  As  can  be  seen,  for  all  practical  purposes,  the 
relationship  is  linear.  The  slope  of  the  line  indicates 
that  for  a  unit  increase  in  the  variance-to-mean  ratio, 
costs  go  up  by  62.20  million  dollars  from  a  baseline  of 
Si 55. 15  million.  That  translates  to  an  approximate  40 
percent  increase  in  costs  for  each  unit  increase  of  the 


variance- to- me an  ratio  over  the  baseline  of  1 .0  A  stock 
computation  done  with  the  variance-to-mean  ratios  set  at 
5.0  will  result  in  a  160  percent  increaise  in  stockage 
investment  cost  over  a  computation  done  at  1,0. 

An  analysis  of  Figure  4,  which  shows  the  effect  of 
estimated  versus  actual  variance-to-mean  ratios  on  the  point 
estimate  of  the  NMCS  percentage  rate,  shows  some  sensitivity 
of  the  NMCS  percentage  to  changes  in  the  variance-to-mean 
ratio.  An  analysis  of  the  two  extreme  contour  lines  (esti¬ 
mated  variance-to-mean  =  1,0  and  estimated  variance-to-mean 
=  5.0)  will  provide  the  general  trends.  When  stock  is 
bought  at  a  variance-to-mean  of  1,0  in  this  scenario  it  will 
cost  155.15  million  dollars.  However,  when  one  assumes 
this  low  variability  of  demand  and  it  does  not  turn  out  to 
be  that  low  in  actuality,  performance  suffers.  It  can  be 
seen  that  on  the  estimated  variance-to-mean  =  1  contour 
line  that  when  the  actual  variance-to-mean  ratio  varies 
from  1.0  to  5.0>  the  expected  NMCS  percent  goes  from  8,9 
percent  to  27.7  percent  of  the  entire  fleet  of  aircraft. 

On  the  other  hand,  when  stock  is  bought  at  a  variance-to 
mean  ratio  of  5.0  in  this  scenario,  it  will  cost  15403. 94 
million.  However,  when  variability  of  demand  is  not  as 
estimated  the  performance  does  not  suffer  by  the  same 
magnitude.  In  fact,  when  the  actual  variance-to-mean 
ratios  vary  from  1,0  to  5,0  (estimated  variance-to-raean 
=  5.0  contour  line),  NMCS  percentage  goes  from  .64  percent 


to  6  percent.  The  extremes  indicate  relatively  low  cost 
at  low  variance-to-mean  ratio,  but  high  risk  performsmce 
when  the  variance-to-mean  ratio  is  not  as  expected,  and 
relatively  high  cost  at  high  variance-to-mean  ratio,  with 
resulting  low  risk  performance  when  the  variance-to-mean 
ratio  is  not  as  expected. 

Figure  5  shows  how  the  probability  of  achieving  a 
10  percent  NMCS  rate  is  affected  by  experiencing  an  actual 
variance-to-mean  ratio  which  differs  from  an  estimated 
variance-to-mean  ratio.  Again,  the  two  extreme  contour 
lines  will  be  analyzed.  Trend  patterns  between  these  ex¬ 
tremes  are  easily  recognizable.  The  bottom  contour  (esti¬ 
mated  variance-to-mean  =  1.0)  shows  that  the  probability 
of  achieving  the  desired  NMCS  rate  of  10  percent  drops 
rapidly  at  a  decreasing  rate.  Even  when  the  actual  vari- 
ance-to-mean  ratio  was  only  one  above  the  estimated,  or  2.0, 
the  probability  of  achieving  the  target  is  only  15  percent. 
On  the  other  hand,  when  the  top  contour  line  (estimated 
variance-to-mean  =  5»0)  is  analyzed  between  actual  vari- 
ance-to-mean  ratios  from  1.0  to  5«0»  the  performance  goal 
of  an  80  percent  probability  of  achieving  a  10  percent  NMCS 
rate  was  far  exceeded  even  at  a  variance-to-mean  ratio  of 
5.0,  where  there  is  still  a  97  percent  probability  of 
achieving  the  goal.  It  must  be  kept  in  mind,  however,  that 
as  estimated  variance-to-mean  ratios  increase,  so  does  the 
cost  of  stock.  Although  high  estimated  variance-to-mean 
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ratios  (e,g,,  5«0)  will  assure  performance  for  actual 
variance-to-mean  ratios  less  than  there  is  a  cost:  in 

this  scenario  it  is  $403*94  million,  A  low  estimated 
variance-to-mean  ratio  (e.g,,  1,0)  is  relatively  inexpensive 
($155*15  million),  but  if  the  real  variance-to-mean  ratio 
is  higher,  the  probability  of  achieving  a  NMCS  goal  will 
drop  at  varying  rates  depending  on  which  contour  line 
stockage  computations  have  been  done. 

Summary 

Stockage  costs  increase  as  the  estimated  variance- 
to-mean  ratios  are  increased.  In  this  scenario,  with  a 
variance-to-mean  ratio  of  1,0  as  the  baseline,  stock  costs 
increased  proximately  40  percent  for  each  unit  increase 
in  the  variance-to-mean  ratio.  While  costs  were  $155*15 
million  at  a  variance-to-mean  ratio  of  1,0,  they  were 
$403*94  million  at  5,0, 

There  are  cost /performance  tradeoffs  when  the  actual 
variance-to-mean  ratios  experienced  in  an  operational 
scenario  are  not  as  estimated  during  stockage  computations. 
Stock  computations  done  at  a  lower  variance-to-mean  ratio 
than  actually  experienced  will  be  less  expensive  than  if 
the  actual  variance-to-mean  ratio  had  been  known  and  used 
in  the  stockage  computation.  However,  performance,  in  ^erms 
of  the  actual  percent  of  KMCS  aircraft  and  to  a  greater 
degree,  the  probability  of  achieving  a  10  percent  NMCS  rate. 


will  not  be  as  good  as  expected.  Stock  computation  at  a 
variance-to-mean  ratio  of  1,0  and  performance  at  5*0  gives 
an  expected  NMCS  percentage  of  27,7  percent  when  a  NMCS 
percent  of  8,9  would  have  resulted  had  the  actual  and 
estimated  variance-to-mean  ratios  both  been  equal  to  1,0, 

An  estimated  and  actual  variance-to-mean  ratio  of  1,0  would 
achieve  an  83  percent  probability,  but,  when  the  actual 
variance-to-mean  is  5»0>  the  probability  drops  to  0  percent. 
Stock  computations  done  at  a  higher  variance-to-mean  ratio 
than  actually  experienced  in  the  field  will  help  assure 
that  performance  targets  will  be  met.  Stock  computations 
done  at  an  estimated  variance-to-mean  ratio  of  5,0,  with 
actual  variance-to-mean  ratio  at  1,0  resulted  in  a  100 
percent  probability  of  achieving  the  10  percent  NMCS  rate. 
This  is  overperforraance,  since  the  target  was  80  percent. 
This  overperformance  comes  at  a  cost.  Stock  computations 
in  this  instance  result  in  more  dollars  spent  than  needed 
to  simply  achieve  the  80  percent  goal. 


CHAPTER  V 


CONCLUSIONS  AND  RECOMMENDATIONS 

Summary  of  Research  Effort 

Background.  This  research  examines  the  sensitivity 
of  certain  recoverable  item  inventory  model  outputs  to 
changes  in  a  specific  input  parameter.  That  input  para¬ 
meter,  the  variance- to-mean  ratio,  is  the  measure  of  dis¬ 
persion  (or  uncertainty)  of  item  demand  about  the  mean 
demand.  One  of  the  model  outputs  is  dollars  of  stock  nec¬ 
essary  to  achieve  desired  performance  goals  (the  probability 
of  having  at  least  a  desired  number  of  available  aircraft). 
The  other  output  is  performance  (probability  of  having  at 
least  a  desired  number  of  aircraft  available)  given  a 
certain  stockage  policy  (i#e,,  quantities  and  mix  of  spare 
parts) , 

The  variance- to-mean  ratio  is  necessary  to  express 
the  uncertainty  of  demand  and  is  used  in  all  contemporary 
recoverable  item  inventory  models  in  some  form.  Beginning 
with  the  METRIC  model  developed  by  Sherbrooke,  all  algor¬ 
ithms  use  the  variance- to-mean  ratio  in  basically  the  same 
way,  Sherbrooke  and  others  found  the  compound  Poisson  to 
better  describe  the  demand  distribution  than  a  simple 
Poisson  and  used  the  negative  binomial  distribution 


to  approximate  it.  In  spite  of  the  fact  that  Sherbrooke 
found  METRIC  to  be  extremely  sensitive  to  the  variance-to- 
mean  ratio,  there  exists  many  different  viewpoints  on  the 
importance  of  determining  the  correct  variance- to-mean 
ratio.  Twenty  years  after  the  pioneering  research,  there 
is  still  no  agreed  upon  method  of  determining  the  correct 
variance-to-mean  ratio.  Some  Air  Force  models  such  as 
V/RSK/BLSS  and  the  Combat  Support  Capability  Management 
System  still  use  the  simple  Poisson  with  a  variance-to- 
mean  ratio  of  1.0,  even  though  it  might  be  too  simple  to 
describe  reality.  The  rationale  for  using  the  simple 
Poisson  seems  to  result  from  a  lack  of  a  clear  understanding 
of  the  sensitivity  of  the  models  to  the  variance-to-mean 
ratio  coupled  with  the  traditional  belief  that  failure  rates 
are  simple  Poisson.  Other  models  such  as  the  AFLC  Recov¬ 
erable  Items  Requirements  Computation  System  (D04IA),  and 
the  AFLC  Central  Leveling  System  (D028A)  recognize  the 
fact  that  the  variance-to-mean  ratio  can  vary  by  item  and 
use  a  power  function  based  on  mean  demand  to  compute  the 
variance-to-mean  ratio  for  each  item.  The  LMI  Availability 
model  increases  the  variance-to-mean  ratio  for  outyear 
projections  to  cover  for  uncertainty  of  demand.  The  WARS 
model  uses  the  square  root  of  the  number  of  bases,  not  to 
exceed  5«00  as  the  estimated  variance-to-mean  ratio. 

With  the  current  investment  in  recoverable  spares 
of  2.5  billion  dollars,  being  sure  that  money  is  being 


wisely  spent  to  achieve  desired  warmaking  capability  is  of 
utmost  importance. 

Problem  Statement  and  Research  Questions,  There 
is  much  concern  over  how  the  variance-to-mean  ratio  is 
determined  and  what  it  should  be  for  any  given  item  of 
stock.  Logisticians,  for  the  most  part,  feel  that  model 
outputs  are  sensitive  to  the  variance-to-mean,  but  don't 
know  the  magnitude  of  sensitivity.  The  objective  cf  this 
research  is  to  give  logisticians  some  insight  into  just 
how  their  decisions  in  establishing  the  variance-to-mean 
ratio,  for  each  recoverable  item,  affects  the  cost  and 
performance  outputs  of  the  models  they  are  working  with. 

The  criticality  of  their  decisions  in  this  regard  depend 
upon  the  sensitivity  of  outputs  to  the  variance-to-mean 
ratio. 

There  are  two  research  questians.  The  first  asks 
whether  the  contemporary  recoverable  item  model  output  of 
cost  of  stock  required  to  achieve  a  desired  performance 
parameter  is  sensitive  to  changes  in  the  variance-to-mean 
ratio.  The  second  asks  whether,  when  computing  the  per¬ 
formance  (i,e,,  probability  of  achieving  a  desired  MMCS 
level)  of  a  group  of  aircraft,  given  a  likely  scenario  and 
a  fixed  quantity  and  mix  of  spare  parts,  the  model  output 
of  mission  performance  is  sensitive  to  changes  in  the 
variance-to-mean  ratio. 

Methodology.  Dyna-METSIC,  a  RAND  developed  recover¬ 
able  item  inventory  model,  and  a  validated  F-16  data  base 


obtained  from  Ogden  Air  Logistics  Center  were  used  to 
answer  both  research  questions.  A  ten  by  ten  matrix  was 
used  for  the  experimental  design.  Ten  stock  computations 
were  made  with  ten  individual  variance- to-mean  ratios 
between  1.0  and  5»0.  The  effort  was  concentrated  in  the 
1.0  to  3.0  range  where  80  percent  of  AFLC's  recoverable 
items  are.  Those  stock  computations,  and  the  associated 
cost  of  stock,  addressed  research  question  number  one. 

For  each  individual  stock  computation,  ten  individual  scena¬ 
rio  performance  computations  were  made  to  answer  research 
question  number  two.  All  parameters  except  those  mentioned 
above  were  held  constant.  All  variance-to-mean  ratios 
for  all  items  were  changed  to  the  same  value  for  each  model 
run. 

Conclusions 

Research  Question  Number  One.  The  dollars  of  stock 
necessary  to  achieve  certain  scenario  performance  objectives 
are  sensitive  to  the  variance-to-mean  ratio.  As  the 
results  show,  there  is  an  approximate  40  percent  increase 
in  investment  required  for  each  unit  increase  in  the  vari- 
ance-to-mean  over  1.0.  Assuming  that  the  Air  Force  required 
152.0  billion  of  spares  at  a  variance-to-mean  ratio  of  1.0, 
it  would  require  153»fc  billion  at  a  variance-to-mean  ratio 
of  3.0.  The  models  are,  therefore,  investment  sensitive 
to  the  variance-to-mean  ratio. 
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Research  Question  Number  Two.  The  model  outputs 
of  mission  performance  are  very  sensitive  to  chauages  in 
the  variance-to-mean  ratio.  When  the  actual  variance-to- 
mean  ratio  was  100  percent  greater  than  the  estimated,  the 
probability  of  achieving  the  NMCS  goal  of  10  percent  or 
'fewer  aircraft  decreased  by  approximately  60  percentage 
points.  There  is  virtually  no  chance  (i.e,,  2  percent 
probability)  that  the  10  percent  NMCS  goal  would  be  reached 
if  the  stock  computation  were  based  on  a  variance-to-mean 
ratio  of  1 ,0  and  the  actual  scenario  performance  experi¬ 
enced  was  at  3«0«  Also,  the  expected  number  of  NMCS  air¬ 
craft  increased  by  anywhere  from  50  to  100  percent, 
depending  on  whether  estimate  versus  actuals  were  1,0  versus 
2,0,  2,5  versus  5*0,  or  any  combination  in  between  where 
the  accual  is  two  times  the  estimated. 

Implications  for  Recoverable  Item 
Inventory  Managers 

By  stocking  according  to  variance-to-mean  ratios 
which  differ  from  what  would  be  experienced  in  the  field, 
the  Air  Force  could  be  unknowingly  making  cost/performance 
tradeoffs  with  far  reaching  consequences.  If  the  variance- 
to-mean  ratio  used  for  stock  computations  is  estimated  to 
be  lower  than  it  really  is,  money  will  be  saved.  It  could 
be  a  lot  of  money,  money  that  could  be  used  for  other 
worthwhile  programs.  But  there  is  also  a  hidden  cost  which 
must  be  paid  for  this  dollar  savings.  That  cost  is  the 


reduced  combat  capability  that  would  be  experienced.  There 
would  be  a  false  sense  of  security  that  the  stock  levels 
computed  at  unrealistically  low  variance-to-mean  ratios 
would  support  the  desired  level  of  aircraft  availability. 
Conversely,  if  the  estimated  variance-to-mean  ratio  is 
overstated  during  stock  computation,  the  combat  unit  will 
have  a  much  higher  probability  of  achieving  its  goals  due 
to  the  excess  stock  that  will  be  purchased.  However,  this 
over- performance  comes  at  a  price.  The  price  this  time 
is  that  more  money  than  necessary  was  spent  to  achieve  the 
specified  level  of  performance.  This  in  money  that  could 
be  spent  on  other  necessary  programs. 

Also,  there  is  a  very  real  danger  in  using  these 
contemporary  recoverable  item  inventory  models  in  evalua¬ 
ting  currently  existing  stockage  policies  for  any  weapon 
system.  That  danger  is  incorrectly  determining  what  vari- 
ance-to-mean  ratios  to  use  for  the  stock  items.  If  they 
are  set  too  low,  the  performance  output  could  indicate  a 
false  sense  of  security.  Managers  might  even  think  they 
are  overstocked  and  cut  back  on  stock  or  defer  future 
programmed  buys,  V/hen  it  came  to  actually  exercising  that 
stock  in  a  war,  the  managers  might  find  that  their  action 
to  trim  stocks  caused  under- performance  and  loss  of  a 
battle  or  a  war.  On  the  other  hand,  ^if  the  variance-to-mean 
ratios  are  set  too  high,  performi^ce  outputs  might  lead  Air 
Force  managers  to  think  they  are  understocked.  They  might 
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ask  and  get  funding  from  Congress  to  buy  the  extra  stock 
they  feel  they  need  but  which  is  not  in  fact  necessary. 

This  research  has  implications  for  all  weapon 
systems,  not  just  the  F-16.  Further  studies  using  data 
bases  from  other  weapon  systems  should  substantiate  this. 

Recommendations 

The  variance- to-mean  ratio  should  be  set  as  accur¬ 
ately  as  possible  to  ensure  that  performance  goals  are  met, 
at  the  least  possible  cost.  The  credibility  of  the  Air 
Force,  before  Congress,  can  only  be  enhanced  by  requesting 
no  more  funds  than  necessary  and  performing  exactly  as  pre¬ 
dicted,  The  authors  applaud  the  effort  currently  under 
way  at  AFLC,  A  contract  has  been  recently  let  to  deter¬ 
mine  what  the  variance- to-mean  ratios  should  be  for  recov¬ 
erable  items  at  AFLC,  It  is  a  limited  effort,  but  is  at 
least  a  start  in  the  right  direction. 

Suggestions  for  Further  Research 

This  study  dealt  only  with  the  F-16  weapon  system. 

To  insure  that  generalizations  of  this  research  are  accur¬ 
ate  ^  other  weapon  system  data  bases  should  be  studied  with 
Dyna-METRIC  to  see  if  they  produce  comparable  results. 

Also,  the  F-l6  and  other  data  bases  should  be 
studied  using  other  contemporary  models  (e,g.,  WARS,  when  it 
becomes  available)  to  see  if  comparable  results  are  produced. 
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A  Study  should  be  conducted  to  see  what  effects 
random  assignment  of  variance-to-mean  ratios  have  on  per¬ 
formance  and  cost  as  compared  to  the  uni-directional ly 
biased  variance-to-mean  ratios  of  this  study. 

It  would  be  informative  to  investigate  the  effect 
on  performance  and  cost  of  changing  other  variables  in 
addition  to  variance-to-mean  ratios. 

This  research  was  done  using  Dyna-KSTRIC  under  a  full 
cannibalization  assumption.  In  the  future,  RAND  Corporation 
should  have  the  capability  built  into  Dyna-METRIC  to  use  the 
no  cannibalization  assumption.  This  research  should  be 
repeated  using  that  assumption.  This  would  give  the  other 
extreme  of  the  cost/performance  envelope.  Reality,  more 
than  likely,  is  somewhere  in  between  the  extremes. 

Using  a  dynamic  cost  constrained  inventory  model, 
such  as  WARS,  in  the  stock  computation  mode,  it  would  be 
most  interesting  to  continue  Sprung' s  research  and  find 
out  what  the  spare  parts  mix  (i,e,,  quantities  and  types) 
would  be  for  different  estimated  variance-to-mean  ratios. 

If  it  turns  out  that  the  Air  Force  would  buy  the  same  mix 
of  parts  for  variance-to-mean  ratio  =  1  as  it  does  for 
variance-to-mean  =  3»  given  likely  funding  levels,  then 
it  does  not  matter  for  actual  stock  computation  purposes 
(other  than  funding  requests)  what  the  variance-to-mean 
is  set  to. 
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A  Final  Note 

If  the  Air  Force  is  to  be  mean  2md  lean,  it  must  use 
the  correct  variance-to-mean. 
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The  following  tables  and  discussion  are  intended  to 
show  the  realism  of  the  data  base  used.  The  data  base  was 
an  up-to-date  version  as  of  the  second  quarter,  FY  82, 

Ogden  uses  this  data  base  with  Dyna-METRIC, 

As  mentioned  before,  the  data  is  scaled  by  a  factor 
of  30,  so  that  one  day  in  the  data  base  equals  one  month. 
All  variables  and  parameters  have  been  scaled  appropriately 
There  are  three  USAFE  and  five  PACAF  bases  in  this 
peacetime  scenario,  A  depot  is  modeled  in  the  place  of  the 
CIRF,  Ogden  uses  Dyna-METRIC  against  their  data  base  to 
determine  the  performance  of  USAFE/PACAF  bases  given 
certain  stockage  for  each  base  and  the  depot  at  spea^fic 
points  in  time. 

The  overall  structure  of  the  data  includes:  1) 
random  exponential  repair  times,  and,  2)  no  base  and  depot 
administrative  delays. 

The  depot  scenario  specifications  (since  depot  is 
substituted  for  the  CIRF)  are: 

1,  Intermediate  Level  Maintenance  (ILM),  Deploy¬ 
ment  (in  this  case  depot  msantenance)  for  remove,  re 
place,  repair  (RRR)  items  occurs  at  month  0. 

2,  ILM  setup  period  is  at  month  0, 

3,  Beginning  day  of  CONUS  resupply  is  at  month  0, 

4,  ILM  deployment  for  remove,  replace  (RR)  items 
is  at  month  0, 

3,  ILM  setup  for  RR  items  is  at  month  0, 
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6.  CONUS  peacetime  pipeline  empties  from  month  0, 

?•  Full  SRU  cannibalization. 

8.  SRU  repair  capability  is  available  on  month  0. 

9.  Peacetime  SRU  resupply  time  from  next  higher 
echelon  of  supply  is  two  months. 

10.  SRU  resupply  is  available  at  month  0. 

11.  First  day  of  forward  transportation  cutoff  from 
next  higher  echelon  of  supply  to  depot  is  at  month 
0. 

12.  Duration  of  cutoff  from  next  higher  echelon  of 
supply  is  0  months. 

The  base  scenario  specifications  are  identical  to 
the  depot's,  except  that  where  the  words  depot  and  next 
higher  echelon  of  supply  appear,  the  words  base  and  depot 
respectively  should  appear.  Also,  there  are  two  additional 
parameters: 

1 .  Transportation  time  from  depot  to  base 

PACAF=.5  month  USAFE=.17  months 

2,  Transportation  time  from  base  to  depot 

PACAF=.77  months  USAFE=.30  months 
The  aircraft  level  specifications  are  based  on  when 
F-16  squadrons  will  be  activated  and  when  their  expected 
numbers  will  be  increasing/decreasing  at  each  base. 
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Numbers  of  Aircraft  bv  Base 

Month  0  Month  4  Month  7  Month  15  Month  16  Month30 


1 

72 

72 

72 

72 

72 

72 

2 

48 

48 

48 

48 

48 

48 

3 

0 

0 

0 

0 

72 

72 

4 

96 

96 

96 

96 

96 

96 

5 

86 

86 

86 

86 

86 

86 

6 

72 

76 

76 

70 

72 

72 

7 

0 

0 

48 

48 

48 

48 

8 

0 

0 

0 

72 

72 

72 

Sortie  rate  specifications  were  based  on  projec¬ 
tions  from  prior  scheduled  versus  actual  performance  of 
F-16  or  similar  aircraft  at  each  base.  Months  on  which 
sortie  rates  change  are  based  on  changes  in  programmed 
flying  hours. 


^er  Aircraft  Per  Month  By  Base 


Base  Mo  0  Mo  4  Me  7  Mo  10  Mo  13  Mo  16  Mo  19  Mo  22  Mo  2^. 


1 

0,0 

12.7 

14.2 

15.3 

15.5 

16.7 

17.9 

17.9 

17.9 

2 

12.2 

15.3 

15.5 

15.5 

16.7 

17.9 

18.1 

20.2 

22.9 

3 

0.0 

0.0 

0.0 

0.0 

0.0 

16.7 

16.9 

16.9 

16.9 

4 

16.7 

16.8 

18.1 

19.1 

18.3 

18.3 

18.9 

20.0 

19.2 

5 

16.7 

16.8 

18.1 

19.1 

18.3 

18.3 

18.9 

20.0 

19.2 

6 

16.7 

16.8 

18.1 

19.1 

18.3 

18.3 

18.9 

20.0 

19.2 

7 

0.0 

0.0 

18.1 

19.1 

18.3 

18.3 

18.9 

20.0 

19.2 

8 

0.0 

0.0 

0.0 

0.0 

18.3 

18.3 

18.9 

20.0 

19.2 

Flying  hours  per  base  are  as  programmed  and  are 
static  throughout  the  scenario. 
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Base 

1 

2 

3 

4 

5 

6 

7 

8 


Flying  Hours/Sortie/Aircraft 

Flying  Hours 

1.2 

1.2 

1.2 

1.4 

1.4 

1.4 

1.4 

1.4 


There  were  282  LRUs  and  236  SRUs  in  the  scenario. 
Exhibit  1  is  a  representative  sample  of  10  of  these  LRUs 
and  5  SRUs  and  their  parameters.  Parameters  are  based  on 
actual  experience.  Please  note  that  the  NRTS  rate  at  the 
depot  of  1 .000  means  that  the  part  is  repaired  at  the  depot 
with  the  peacetime  order  and  ship  time  being  the  average 
repair  time  at  the  depot.  Also,  all  items  are  removed, 
repaired,  and  replaced  (RRR).  The  linearity  factor  for 
LRUs  is  1.000  because  of  peacetime  scenario.  If  this  were 
wartime,  the  linearity  factor  could  be  changed  to  acceler- 
'  ate/decelerate  parts  usage  rates.  Level  of  repair  for  SRUs 
is  at  the  base  or  depot. 

All  spare  parts  were  used  at  all  bases  in  this 
scenario. 
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The  following  is  an  example  of  an  indentured  rela¬ 


tionship  used  in  the  scenario: 


Indentures 


Part  No.  LRU  Part  No,  SRU  ^ 


127001 09321 74WF  1 27001 0956768WF  1 

127OOIO6OO697IVF  1 
1 27001061 5082WF  1 
1270010778077WF  1 
127001 0778 197V/F  1 
127001 0774 184WF  1 


The  stock  levels  in  the  originsLL  OOALC  data  base 
were  not  used.  As  mentioned  in  the  methodology  section, 
stock  levels  for  this  research  were  computed  by  Dyna- 
METRIC, 
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LRU/SRU  Description  Data 
Exhibit  1 
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